Changes in the Content, Composition and Localization of Foliar Phenolic Compounds of Strawberries as Influenced by Nitrogen Regimen by Narvekar, Ashwini Sushil
Clemson University 
TigerPrints 
All Theses Theses 
12-2018 
Changes in the Content, Composition and Localization of Foliar 
Phenolic Compounds of Strawberries as Influenced by Nitrogen 
Regimen 
Ashwini Sushil Narvekar 
Clemson University, asnarve@g.clemson.edu 
Follow this and additional works at: https://tigerprints.clemson.edu/all_theses 
Recommended Citation 
Narvekar, Ashwini Sushil, "Changes in the Content, Composition and Localization of Foliar Phenolic 
Compounds of Strawberries as Influenced by Nitrogen Regimen" (2018). All Theses. 3256. 
https://tigerprints.clemson.edu/all_theses/3256 
This Thesis is brought to you for free and open access by the Theses at TigerPrints. It has been accepted for 
inclusion in All Theses by an authorized administrator of TigerPrints. For more information, please contact 
kokeefe@clemson.edu. 
CHANGES IN THE CONTENT, COMPOSITION AND LOCALIZATION OF 
FOLIAR PHENOLIC COMPOUNDS OF STRAWBERRIES 
AS INFLUENCED BY NITROGEN REGIMEN 
A Thesis 
Presented to 
the Graduate School of 
Clemson University 
In Partial Fulfillment 
of the Requirements for the Degree 
Master of Science 
Plant and Environmental Sciences 
by 
Ashwini Sushil Narvekar 
December 2018 
Accepted by: 
Dr. Nishanth Tharayil, Committee Chair 
Dr. Hong Luo 
Dr. Guido Schnabel 
ii 
 
To meet the increasing food demand, conventional agriculture practices emphasizes on 
quantitative yield and often involves intensification of nitrogen fertilizers. However, 
owing to the high mobility in the soil, nitrogen leaching imposes serious consequences on 
environment and subsequently on human health. Although the quantitative yield is 
predominantly determined by primary metabolism, the secondary metabolism in the plant 
not only function as response molecules against biotic and abiotic stress but also 
determines the qualitative composition of the crop. Nitrogen deficiency limits growth 
more than photosynthesis, leading to accumulation of the carbon based secondary 
precursors. Nitrogen deficiency or excess is also associated with increase in the reactive 
oxygen species (ROS) further driving the biosynthesis of secondary metabolism and 
utilization of the carbon precursors. Furthermore, the leaves are documented to 
accumulate a higher proportion of phenolics and exhibit translocation across the plants 
based on the environmental trigger and developmental stage.  
Polyphenols constitute one such class of carbon based secondary metabolites 
biosynthesized throughout the plant’s life and have key role as signaling molecules, free 
radical scavengers etc. Although, the presence of an aromatic carbon ring structure is the 
characteristic of phenolics, there exist vast structural diversity based on the addition and 
modification to the core ring structure and location of one or more hydroxyl groups. 
These distinctions both within and between the different classes of phenolics further 
dictates their biological activity and efficiency.  However, variation in the quantitative 
and qualitative metabolic pool of phenolics in the plant could not only be driven by the 
ABSTRACT
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stress stimuli but also by the extent of the stress. Thus, the present study investigated the 
content, composition and localization of foliar phenolics from two cultivars of Fragaria 
ananassa (cv. Camarosa and cv. Albion) exposed to four different nitrogen (N) 
fertilization treatments (control, 8mM N, 16mM N and 30mM N). Using a non-targeted 
metabolomics approach, present study not only exhibited a non-linear response in the 
content between foliar phenolic classes but also emphasizes the compositional variation 
and preferential localization of the biosynthesized phenolics.  
The tentatively identified metabolites encompassed different groups of non-anthocyanic 
phenolics namely, hydrolysable tannins (simple galloyl glucoses, ellagic acid derivatives 
and ellagitannins), hydroxycinnamate derivatives, flavones, flavonols, flavan-3-ols and 
oligomeric proanthocyanidins. For both the cultivars, the content of different phenolic 
classes showed the general trend of increase with decrease in N concentration, however, 
the magnitude of response varied between both the cultivars and the different classes. 
Primary metabolites viz. sugars, organic acids and the key amino acid glutamine, did not 
exhibit a significant response to the applied N treatments, across both the cultivars. Total 
hydrolysable tannin (HTs) decreased by 70% as N concentration increased from 8mM N 
to 16mM N in cv. Camarosa and no variation across the treatments in cv. Albion. 
However the total phenylpropanoids decreased (P<0.001) by 55-77% as N concentration 
increased from 8mM N to 16mM N in both the cultivars. Ellagitannins and oligomeric 
proanthocyanidins constituted to 41-55% and 27-42% of the total HTs and flavonoids 
respectively, in both the cultivars across the N treatments. Flavonols were ca. 200-700 
fold higher than the flavones at all the N treatments in both the cultivars. The kaempferol: 
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quercetin ratio decreased from 0.66 to 0.43 (P<0.05) and 0.18 (P<0.0001) in cv. 
Camarosa and cv. Albion respectively, from 30mM N to 8mM N treatment. Flavan-3-ols, 
branch point product of the flavonoid biosynthesis pathway and precursor of 
proanthocyanidins exhibited more pronounced increase in cv. Albion than cv. Camarosa, 
as N decreased from 30mM N to control, in both cultivars. The bound form of phenolics 
did not respond to the applied N treatment. Furthermore, the proportion of bound 
phenolics did not show any significant variation across the nitrogen treatments and higher 
proportion of phenolics and particularly flavonols were in the extractable form at reduced 
N treatments.  
From the study, we concluded that along with the increase in carbon based secondary 
compounds under nitrogen deficiency; the variation within the class of phenolics is linked 
to the biosynthetic origin and physiological role of the phenolic class.  
Keywords: Nitrogen, phenolics, untargeted metabolomics 
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CHAPTER ONE 
LITERARTURE REVIEW 
Introduction 
Plants are the base of the food pyramid, which sustains other life forms (Spiertz 
2010). Apart from providing the energy source and nutrients molecules, over 100000 
diverse metabolites constitutes the low molecular weight bioactive compounds in plants 
(Grusak and DellaPenna 1999; Dixon 2001). The bioactive compounds are differentially 
distributed among the taxonomic group and are referred as secondary metabolites, to 
segregate them from the primary metabolites (carbohydrates, proteins, nucleic acids and 
lipids) produced ubiquitously by the entire plant kingdom (Vogt 2010; Aharoni and Galili 
2011). However, the distinction of secondary metabolites from primary metabolites is 
rather blur. The biosynthesis of secondary metabolites in plants is regulated by their 
physiological role in growth (pollination, seed dispersal stem and root elongation etc.) 
and defense under stress condition (herbivore deterrence and maintaining cellular 
homeostasis). In addition, the biosynthesis is also driven by the extent of the perceived 
environmental cues and the carbon allocation strategies between growth and defense. 
Some of the protective mechanism exerted by these phytochemicals in plants include 
modulation in the metabolizing enzymes, gene expression, cell proliferation and free 
radical scavenging activity (Giampieri et al., 2012; Nile and Park 2014; Seeram 2008). 
Thus a more complete knowledge about the biosynthesis of specific classes of secondary 
metabolites in response to specific stress stimuli is needed for optimal utilization of the 
beneficial effect of these secondary metabolites. 
12 
1.1: Phenolics 
Based on their biosynthetic origin, the secondary metabolites are broadly categorized 
among three classes namely the terpenes, polyphenols and alkaloids (Verpoorte 1998; 
Croteau et al., 2000). The present study focusses on the polyphenolic class of compounds 
in the plant and literature proposes ca. 20% of the fixed carbon flow through flavonoid 
pathway (Haslam 1993). Based on the parent molecule present and modification by the 
enzymes namely, isomerases, reductases, hydroxylases and dioxygenases (Ferreyra et al., 
2012) the polyphenols are further subdivided into three major groups. These encompasses 
hydrolysable tannins (gallotannins and ellagitannins), the simple phenolic acids 
(hydroxybenzoic and hydroxycinnamic acid derivatives) and flavonoids (stilbenes, 
isoflavones, neoflavones, chalcones, flavanones, flavan-4-ols, flavones, flavonols, flavan-
3-ols, anthocyanins and condensed tannins) (Dixon 2001; Liu et al., 2016; Panche et al.,
2016; Vogt 2010; Winkel-Shirley 2001). The acetate and the shikimate pathway provides 
the carbon core, which forms the parent molecule of different phenolic metabolites. The 
shikimate pathway is a seven-step sequence localized in chloroplast, which starts with 
phosphoenol pyruvate (PEP) derived from glycolysis and erythrose-4-phosphate from the 
pentose phosphate pathway. Chorismate is the final product of the shikimate pathway and 
start of sequences that would lead to production of three aromatic amino acids namely 
phenylalanine, tyrosine and tryptophan (Herrmann and Weaver 1999). 
Simple phenolic acids and flavonoids constitute the downstream of the phenylalanine 
biosynthesis whereas hydrolysable tannins are biosynthesized from the shikimate 
pathway intermediate, before phenylalanine biosynthesis. 
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Hydrolysable tannin are composed of gallic acid precursors biosynthesized from 
dehydroshikimate (shikimate pathway intermediate), prior to the substrate flow towards 
the biosynthesis of aromatic amino acids and phenylpropanoid (Top et al., 2017; Suseela 
and Tharayil 2018). Gallic acid when esterified to functional group of glucose generates 
simple galloylglucoses, which forms the monomeric subunits of gallotannins and 
ellagitannins. The gallotannins consist of more than six gallic acid esterified to the 
glucose unit in a characteristic depside bond whereas the ellagitannins have the 
characteristic C-C linked galloyl unit for instance the HHDP (hexahydroxydiphenoyl) 
unit (Salminen Juha‐Pekka and Maarit 2011). The proposed mechanism of biosynthesis 
for hydrolysable tannins involves galloyltransferases, utilizing specific galloyl glucoses 
and cofactors (Fe+3, O2) or enzymatic oxidation reactions (laccases, peroxidases, 
polyphenol oxidases) (Niemetz and Gross 2005).  
Enzymatic conversion of phenylalanine to cinnamate by phenylalanine ammonia lyase 
(PAL) and activation by Coenzyme A (CoA) redirects the carbon flow to the downstream 
pathway of phenylpropanoid biosynthesis. Cinnamate derived from the action of PAL 
enzyme is further converted to benzoic acid or coumaric acid generating the two major 
classes of simple phenolic acids namely the hydroxybenzoates and hydroxycinnamate 
respectively. Further variation within the individual classes is established due to variation 
in conjugation, hydroxylation, oxidation and methylation giving the corresponding 
derivatives (Croteau et al., 2000).  
Flavonoids are the largest polyphenolic group bearing the characteristic diphenylpropane 
(flavan nucleus_C6-C3-C6) structure. The first committed step of flavonoids biosynthesis 
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involves addition of three molecules of malonylCoA derived from fatty acid biosynthesis 
to the activated phenylpropanoid molecule, coumaryl CoA by the enzymes chalcone 
synthase, giving characteristic 15-carbon (C6-C3-C6) open ring structure, the chalcones. 
Isomerization by chalcone isomerase leads to closed ring flavanones, which are the first 
branch point substrate in flavonoid biosynthesis. Flavonones act as substrate for flavone 
synthase (FNS) which introduce C2-C3 double bond, and for flavonoid-3-hydroxylase 
(F3H) generating dihydroflavonol by hydroxylation of the substrate. Chemical variability 
within a class is also introduced due to the presence of different isoforms of an enzyme 
generating different chemical compounds. For example in Arabidopsis, nitrogen 
limitation triggered upregulated expression of PAL1 and PAL2 isoforms and was 
correlated specifically with the accumulation of flavonols and anthocyanins (Olsen et al., 
2008). Flavonol synthase (FLS) has similar function as flavone synthase of introducing 
C2-C3 double bond but utilizes dihydroflavonol as the substrate. Flavonols are the 
hydroxylated forms of flavones. The dihydroflavonols-4-reductases (DFR) competes with 
FLS for dihydroflavonol in biosynthesis of flavonols and leucoanthocyanidins 
respectively creating the second branch point in flavonoid biosynthesis. 
Leucoanthocyanidins acts as the third branch point substrate which are enzymatically 
converted to either flavan-3-ols or anthocyanins by LCR (leucoanthocyanidin reductases) 
or ANS (Anthocyanidin synthase) /LDOX (leucoanthocyanidin dioxygenase) 
respectively (Croteau et al., 2000; Winkel-Shirley 2001; Ferreyra et al., 2012). 
Modification by oxidases or transferase involving sugars, methyl or acyl group adds up to 
the chemical diversity of the metabolites and regulating their solubility, reactivity and 
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cellular interaction (Ferreyra et al., 2012). Proanthocyanidins, unlike long chain 
condensed tannins, are oligomers of flavan-3-ols. Reduction of anthocyanins by 
anthocyanidin reductases (ANR) also generates proanthocyanidins (Fischer et al., 2014).  
Apart from the substrate level regulation, the key transcriptional regulators for the 
structural genes involved in phenylpropanoids biosynthesis are the MBW complex viz 
MYB, bHLH and WD40 repeats. Variation in the different classes of flavonoids is 
regulated by different combination of regulators complex (Zhao et al., 2013; Medina-
Puche et al., 2014; Li 2014; Liu et al., 2016; Xu et al., 2018). Expression of Citrus 
CsMYBF1 induced accumulation of hydroxycinnamate but not flavonols (Liu et al., 
2016). Furthermore, single stranded noncoding RNA, the miRNA (microRNAs) have 
recently been reported to play a significant role in the regulation of MYB and target 
genes involved in flavonoid biosynthesis. 
Based on their biosynthesis and regulation, the three basic approaches proposed for 
increase of specific class of phenolics includes; 1) redirecting the flux into and /or within 
the pathway, 2) efficient sequestration of pathway intermediate or 3) genetically 
modifying the flavonoid pathway for purposeful accrual/ decline of specific compounds 
(Levin, 2009). However, genetic modification demands time consuming and expensive 
resources to eliminate an unidentified unbeneficial effect on any other inter-connected 
metabolic pathway. This further has intrigued researchers in evaluating the role of trivial 
stress induced physiological modulation in the biosynthesis of these phenolic by the plant 
in response to simple breeding practices. Ecological factors such as UV-light, 
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temperature, water, nutrient stress etc. are known to mimic environmental stressor and 
induce biosynthesis of essential phenolics (Treutter 2006). 
 1.2:  Phenolic biosynthesis is influenced by nitrogen (N) supply 
Nutrient status of the plant plays a significant role in determining the allocation priorities 
and sequestration of the precursors for the phenolic biosynthesis. Nitrogen is an essential 
macronutrient that is required in greater quantities as compared to other soil nutrients and 
is involved in biosynthesis of proteins, nucleic acids and enzymes. Hence, nitrogen 
directly regulates the growth rate of the plant and is a key determinant of the carbon 
status of the plant, which is closely linked with photosynthesis and respiration. Efficient 
utilization of photosynthetic product constitutes an important strategy in increasing crop 
productivity.  
Soluble sugars and organic acids represent the dominant warehouse of carbon for 
different metabolic activities of the plant cell (Igamberdiev and Eprintsev 2016). Based 
on GO and KEGG database comparative analysis, 30% of differentially regulated 
proteins in potato shoot tips, under N deficiency, categorized into primary metabolic 
pathway. The potato shoot tips showed reduced abundances of the larger subunit of 
Rubisco and associated reduced enzyme activity (Meise et al., 2017). Furthermore, 
soluble sugars also play a key role in determining the source sink communication in the 
plant based on phloem loading and xylem transport (Bassi et al., 2018). In parallel with 
this function, sugars also act as signaling regulators of the metabolic pathways for 
example in root-shoot carbon-nitrogen allocation (Wang and Ruan 2016). In conjunction 
with the hypothesis under N deficiency, it has been shown that 25-50% decrease in 
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carbohydrates in leaves as against several fold increase in roots (Sung et al., 2015) in 
tomato plant. Similar decrease in carbohydrates was reported in lettuce (Becker et al., 
2015), spinach (Okazaki et al., 2008) and tobacco (Fritz et al., 2006) with increase in N; 
the variation appears to be temporally and spatially regulated. Organic acids particularly 
TCA intermediates function as the carbon source for nitrogen assimilation (Gauthier et 
al., 2010) and have been reported to exhibit varied response of either increase (Bassi et 
al., 2018) or decrease (Sung et al., 2015) under N deficiency. 
Ammonium and nitrates are the two major sources of inorganic nitrogen resources 
acquired by the plants. Nitrate reductases reduces nitrate to nitrite, which is further 
reduced to ammonia by nitrite reductases. The GS-GOGAT cycle (Glutamine 
Synthetase/Glutamate-oxoglutarate aminotransferase [GS/GOGAT] cycle) is the key 
reaction for incorporation of the inorganic N in organic molecules. The GS enzyme 
combines NH4+ with glutamate to form glutamine, and GOGAT further transfers an 
amide group of glutamine to 2-oxoglutarate from the TCA (tricarboxylic acid) cycle 
yielding two molecules of glutamate. The glutamate dehydrogenase is the second most 
abundant alternative enzyme catalyzing incorporation of NH4+ to 2- oxoglutarate yielding 
two molecules of glutamate. The GS-GOGAT also assimilates the ammonia released 
from photorespiration and breakdown of proteins.  
The GS-GOGAT and PAL regulates metabolite channeling the carbon for 
phenylpropanoid biosynthesis. The negative correlation between the applied nitrogen 
fertilization and the phenolic content has been well established in wide range of species 
including the European aspen (Decker et al., 2017), wheat (Kong et al., 2017), tea (Zhang 
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et al., 2018), berry crops (Soubeyrand et al., 2014, Pritts 2015), tomato (Larbat et al., 
2012), lettuce (Becker et al., 2015) etc. Evidence presents increased carbohydrates and 
aromatic amino acids to be the activators for increased phenylpropanoid biosynthesis 
under N deficiency. Research data with higher proportion of flavonoids present as bound 
with sugar, further underlines the correlation between phenolic biosynthesis and 
photosynthesis. The increased content of phenolics under N limitation, were consistent 
with induced upregulation of the structural genes encoding the enzymes of the 
phenylpropanoid pathway and the related MBW transcriptional factors (Fritz et al., 2006; 
Wan et al., 2015). The structural gene of flavonoid biosynthesis are broadly categorized 
into three classes namely: the oxoglutarate dependent dioxygenase, NADPH-dependent 
reductases and cytochrome P450 hydroxylases (Winkel-Shirley 2001). Specific flavonoid 
profile in the plant are regulated by availability of the substrate, cofactor and subsequent 
expression of the enzyme, which are in turn regulated by transcription factor. For 
instance, increased expression of VviF3’5’H over VviF3’H, in grapes, led accumulation 
of dihydromyricetin, epigallocatechin and delphinidin over dihydroquercitin, catechin 
and cyanidin. Furthermore, F3’5’H is reported of using substrates for late steps of the 
flavonoid pathway as against F3’H which show preferential substrate selection of early 
steps of the pathway (Chen et al., 2017). Accumulation of the proanthocyanidins in 
blackberry fruits was positively correlated to upregulation by of RuDFR, RuANR and 
RuLAR. These enzymes of the proanthocyanidin pathway are under the transcription 
control of RuMYB5, which showed lower expression in the leaves as compared to fruits 
consistent with the lower content of proanthocyanidins in the leaves as compared to fruits 
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(Gutierrez et al., 2017a). Upregulation of VvMYB5b under low nitrogen treatment and the 
consistent increased anthocyanin in berries supports its significant role in regulating late 
enzymes of the flavonoid pathway (Soubeyrand et al., 2014). This variation within the 
phenolic class is driven by the biochemical properties and physiological role of the 
metabolites and the distinction could be modulated by variation nitrogen availability and 
subsequently modulating the quality of the produce. 
 1.3: Structure activity relationship of phenolics 
Diversity within the polyphenol class is also attributed due to the number and position of 
the conjugation and hydroxyl group present. Further modification to the benzopyrane and 
flavan nucleus includes methylation, glycosylation, addition of phenolic acids and 
sulfation. These modifications determine the chemical properties for example, 
hydrophobicity, volume of the molecule and bioavailability from a human nutrition 
perspective. 
Combating oxidative stress by scavenging free radical and metal chelation contributes a 
key cytoprotective mechanism of these phenolics. The ROS are apparently known to be 
upregulated in plants under environmental stress conditions, either due to disrupted 
metabolic homeostasis or as signaling molecules produced under stress (Choudhury et 
al., 2017). Perhaps, beyond a threshold as signaling molecules, the ROS may have 
detrimental consequences on the cell. Thus, the phenolic biosynthesis, which takes place 
in the chloroplast and the plastids, acts as efficient scavengers of excess free radicals 
(Rice-Evans et al., 1997; Agati et al., 2012). However, variation in the antioxidant 
activity between different classes of phenolics has been previously reported. Increased 
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hydroxylation has showed increased antioxidant activity attributed to the increased 
number of electron donating group and generating a comparatively stable flavonoid 
radical. Quercetin flavonol from olive leaf and fruit extract had higher antioxidant 
activity against 50% DPPH than kaempferol (Xie et al., 2015). Furthermore, even though 
luteolin and kaempferol have identical hydroxyl configuration, kaempferol lack the B-
ring catechol structure. Luteolin has been reported to have higher peroxyl radical 
scavenging activity but kaempferol exhibited higher antioxidant activity against DPPH 
assay. The reduced scavenging activity in flavones and flavonones is supposed to be due 
to its twisted structure as compared to planar flavonols and flavan-3-ols (van Acker et al., 
1996; Hirano et al., 2001; Heim et al., 2002). Stearic hindrances in the electron capture 
due to substituents are supposed to reduce the antioxidant capacity of the molecules. In 
accordance with the hypothesis, isorhamnetin (methylated derivative of quercetin) have 
been reported to have lower antioxidant activity than the quercetin (Heim et al., 2002). 
Hence, the literature data exhibit an opportunity in utilizing stress modulations as an 
effective tool for regulated biosynthesis of metabolites with higher reactivity, beneficial 
for both the plants and humans. 
1.4: Localisation of phenolics 
Even though the biosynthesis of the phenolics is regulated at cellular levels, the modular 
integration in the form of plant tissue and organ level, dictates the structure and function 
of the phenolics (Herms and Mattson 1992). The modules regulate the distribution of 
limited resources through source/sink relationship further directing the fate of the 
biosynthesized phenolics. Although, biosynthesis of phenolics have been reported in 
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multiple cell compartments, the primary site of biosynthesis is supposed to be the 
cytoplasmic side of endoplasmic reticulum (J. Zhao and Dixon 2010). After synthesis, the 
phenolics can either be localized in the vacuoles forming the soluble phenolics or can be 
bound to cell wall components, forming the bound or the insoluble phenolics (Shahidi 
and Yeo 2016).  Moreover, the form of phenolics play a significant role in biosynthesis, 
transportation, storage and remobilization of these phenolics between the different plant 
modules. Grape leaves were reported to accumulate flavonol both in the soluble and 
bounds form under UV light stress (Del-Castillo-Alonso et al., 2015). Furthermore, in 
winter oilseed rape leaves, an observed increase in soluble phenolics under cold stress, is 
lost under cold acclimated tissues. The loss was assumed to be due to the compositional 
change of increased monophenol instead of flavonols under cold acclimation, 
destabilizing their precipitation product in the vacuoles (Stefanowska et al., 2002). On 
the other hand, with the increase in N supply in wheat, the bound phenolics are less 
affected but the soluble phenolics decrease (Stumpf et al., 2015). Furthermore, even 
though nitrogen has shown to modulate cell membrane stability and osmotic potential 
when studied with water stress, it is still not clear about how nitrogen would influence the 
association of the biosynthesized phenolics, either with the vacuoles or the cell wall 
(Saneoka et al., 2004).  
 1.5: Fertilizers and phytochemical farming 
Phytochemical farming aims at utilizing scientific knowledge of cross-links between 
plant metabolic pathway in developing a sustainable agriculture cultivation and 
management practice beneficial for the plants, human and environment. Light, water, 
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atmospheric CO2, temperature, elicitors and nutrient supply represents environmental 
modulators of the physiological responses in crop plants directly linked with 
photosynthesis (Treutter 2010). Thus, these factors not only determine the quantity in 
terms of yield but the quality of the produce as well.  
Five theories have been proposed that can be utilized in explaining the variation in carbon 
based secondary metabolites for instance phenolics with respect to the nutrient 
availability. These theories with respect to nitrogen can be explained as follows- 
1. Carbon Nutrient Balance (CNB) theory: The theory proposes that nitrogen 
deprivation limits plant growth more than photosynthesis. The accumulated 
carbon precursors direct the synthesis and accumulation of carbon based 
secondary metabolites (Bryant et al., 1983). 
2. The Protein Competition Model (PCM): An inverse relationship exists between 
proteins and phenolics because of the common metabolic origin of precursors. 
PCM assumes carbon is not limiting and tradeoff between protein and phenolics is 
based on phenylalanine (Phe). Ammonia is released from Phe under N limitation 
and thereby increasing the precursors for phenolic biosynthesis (Jones and Hartley 
1999; Becker et al., 2015). 
3. The Growth differentiation balance hypothesis (GDBH): Similar to the CNB 
theory, the GDBH proposes that nutrient limitation affects plant growth more than 
CO2 assimilation rate eventually leading to accumulation of carbon assimilates. 
The carbon assimilates are then anticipated to be fueled for biosynthesis of 
secondary metabolites (Herms and Mattson 1992). 
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4. The optimal defense theory (ODT): Plants have high levels of constitutive defense 
compounds particularly in parts with higher chances of stress exposure (McKey 
1974; Barto and Cipollini 2005). 
5. The photoprotective theory: Reactive Oxygen species (ROS) are continuously 
produced by the photosynthetic and other cellular metabolic reactions. They 
function as critical cell signaling molecules in plants under environmental stress 
providing a probable explanation for the increased flavonoids, which acts as 
secondary antioxidant system in plants (Becker et al., 2015; del Rio 2015; Mittler 
2017). 
Even though, the scope of these hypotheses is broad, it does not explain all the observed 
responses in different crops. However, they endorse efficient tradeoff between primary 
and secondary metabolic pathway and effectively regulating costly vs beneficial energy 
investment by the plants under environmental stresses.  
Owing to the health benefits of the secondary metabolites, numerous attempts are made 
in undertaking cultivation practices for enriching beneficial metabolites. Rootstock and 
scion of different genotype combined with different level of nitrogen fertigation in grapes 
revealed irrespective of the graft varieties, the anthocyanins showed the general trend of 
decrease with increased nitrogen (Habran et al., 2017). For Cabernet-Sauvignon cultivar 
of grapes, with respect to the nitrogen treatment, delphinidin and petunidin concentration 
showed significant variation but there was no difference on the relative percent 
glycosylation, acylation or coumaroylation of the anthocyanins compounds observed 
(Soubeyrand et al., 2014). The results with fertigation treatment are also time specific, as 
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increased nitrogen before verasion decreases fruit growth (Rodriguez-Lovelle and 
Gaudillere, 2002) whereas reduced nitrogen at bloom causes necrotic inflorescence 
eventually leading to reduced yield (Keller et.al., 1998). Blackberry leaves showed lower 
phenolics and flavonoid content in vegetative season as compared to fruiting season. 
Furthermore, lower transcripts levels of biosynthetic genes but higher flovonol content in 
fruits along with higher trancripts of transporter genes in the leaves supports the 
hypothesis of translocation of flovonols from leaves to fruits (Gutierrez et al., 2017). 
Hence, understanding the response in the plant before modulating the growing condition 
is a pre-requisite for sustainable breeding practice. 
 1.5: Use of Metabolomics in understanding plant physiological response 
Metabolomics is defined as the comprehensive and quantitative analysis of all small 
molecules in the biological systems. It characterizes the metabolite composition of the 
tissue at the particular stage under the given environmental conditions. The metabolite 
composition represents the gene expression profile and its regulation by transcription 
factors and proteins. Reprogramming of the metabolic processes constitutes a key 
mechanism of stress mitigation in plants. In this scenario, metabolomics serves as a 
useful tool in determining a particular pattern in the stress response. However, due to 
presence of wide array of metabolites differing in their chemical properties, no single 
analytical method can capture all the metabolites. The method employed aims at 
particular class of compounds and extraction procedures developed for compounds 
having similar chemical properties. The state of art chromatographic separation coupled 
to higher sensitive and resolution of mass spectrometric (MS) detection, constitutes the 
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most commonly employed techniques for further selectivity of discrete metabolites. Gas 
chromatography- Mass spectrometry (GC-MS), because of its broad method application, 
sensitivity, speed and availability of public libraries and databases, is the preferred 
method for analysis of primary metabolites and volatiles. Due to the broad chemical 
diversity within secondary metabolites, the flexibility of liquid chromatography- mass 
spectrometry (LC-MS) presents an improved and preferred separation technique. 
Accurate annotation and data analysis of the data generated from a metabolomics 
presents a major challenge. In general, targeted and untargeted metabolomics are the two 
strategies employed for data handling in such studies. Untargeted metabolomics gives an 
overall view of the metabolic profile of the sample and gives a semi-quantitative data 
normalized to an internal standard. On the other hand, targeted metabolomics is useful 
when precise concentration of limited number of metabolites is intended. Still, there are 
report of targeted metabolomics study encompassing few hundreds of metabolites. In 
addition, the extraction and analytical method employed influences the metabolite 
composition in the sample and every study indeed has a targeted approach. UPLC-QTOF 
study of strawberry leaves infected by Xanthomonas revealed decreased flavonoids and 
ellagitannins as compared to the non-infected leaves (Kim et al., 2016). Ninety-nine 
metabolites in wheat flag leaf were differentially regulated when nitrogen was provided 
in excess amount as compared to normal levels of fertilization. These metabolites 
encompassed wide metabolite class for example, the phenolics, flavonoids, organic acids 
and lipids (Kong et al., 2017). A total of 175 and 865 metabolites of tomato leaves 
altered when salinity and heat were applied as the sole stress respectively. However, the 
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combination of salinity and heat stress affected 568 compounds, highlighting the 
interaction between the two stress (Martinez et al., 2016). GC-TOF metabolic profiling 
showed distinctive complementary pattern in leaves and roots of F. ananassa reflected 
the source sink relationship and co-ordination between the regulations of physiological 
processes. Amino acids and polyamines showed rapid and sustained increase in leaves as 
against the transient increase in roots. On the other hand, ascorbate pathway associated 
metabolites increased in roots than leaves (Koehler et al., 2015).  
1.6: Summary and purpose 
A major portion of current agriculture research focusses on investigating the factors 
influencing crop’s physiological response in the production of secondary metabolites, 
which are beneficial for both, the plants and humans. Our study thus focusses on stress-
induced modification in the phenolic biosynthesis using strawberry (Fragaria ananassa) 
as model crop and nitrogen as the model stress. Strawberries are one of the richest source 
of polyphenolic compounds and the United States production of strawberries increased 
from 2.2 billion pounds in 2015 to 3.2 billion pounds in 2017 that approximate valued 
$3.4 billion (NASS, 2017). Owing to the consumer awareness and importance of healthy 
diet, the U.S. strawberry production industry is reported to experience an upward trend 
(ERS, 2014). Strawberries being less efficient at sequestering N, the field 
recommendation are mostly higher of up to 70lb/ acre. Fall N application of 20mM N did 
not affect the yield whereas as spring N application causes excessive vegetative growth, 
affecting fruit quality and yield (Pritts and Maldonado, 2011). Much of the research on 
effect of nitrogen fertilization on strawberries is focused on the fruits. Strawberry leaves 
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are richer source of the phenolics. These foliar phenolics, are not only vital from plants 
protection from biotic and abiotic stress but determine the plant growth and yield in the 
fruiting season following dormancy. Biosynthesis of more reactive phenolics would make 
the plant well defended.  Furthermore, knowledge about the localization of these 
phenolics could be used to determine the optimum N regimes for accumulation of these 
phenolics in soluble and transportable form.  
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CHAPTER TWO 
NITROGEN SUPPLY INDUCES NON –LINEAR VARIATION IN THE CONTENT, 
COMPOSITION AND LOCALIZATION AMONG DIFFERENT FOLIAR PHENOLIC 
CLASSES IN STRAWBERRY 
(This work will be submitted to journal for publication) 
 Abstract:  
Biosynthesis of polyphenols has a physiological relevance in plant’s defense against 
biotic and abiotic stress. Although, nitrogen reduction predominantly enhances phenolic 
biosynthesis, we hypothesize that the effect would extend to variation between and within 
the different classes of phenolics and their tissue association. Furthermore, since foliar 
phytochemistry could support the metabolic composition of fruits, the present study 
reports the response among the different phenolic classes of Fragaria ananassa (cv. 
Camarosa and cv. Albion) leaves to the applied nitrogen (N) fertilizer treatment (control, 
8mM N, 16mM N and 30mM N) using a non-targeted metabolomics approach. 
 A total of 149 non-anthocyanin phenolic compounds were tentatively identified, 
using UHPLC-Orbitrap-MS/MS. Although the magnitude of response exhibited variation 
within the different classes of phenolics, both the cultivars exhibited similar trend to the 
applied N supply. The primary metabolites exhibited non-linear response to the applied N 
supply, in both the cultivars. Irrespective of the N treatments, ellagitannins constituted 
the most abundant class of phenolics in strawberry leaves followed by flavonols and 
proanthocyanidins. The proanthocyanidins content exhibited much higher fold change 
with decrease in N treatment whereas the ellagitannins were the least responsive to the 
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applied N supply. The hydroxycinnamates were more abundant but showed lesser fold 
change than the hydroxybenzoates with the decrease in N supply. Across all the 
treatments, the hydroxylated flavonols showed higher abundances than the flavones, with 
preferential accumulation of dihydroxylated flavonol, quercetin, at lower N treatment. 
Furthermore, higher percentage of the flavonols were present in glycosylated form than 
the acylated form. The percentage of tissue bound form of the different phenolic classes 
did not show significant variation to the applied N treatments. Higher percentage of total 
phenolic observed in the soluble form with the reduction in N suggest their possible 
availability in transport across the plant.  
The study concludes that the variation among different phenolics is linked to the 
biosynthetic origin and physiological role of the metabolite. The results highlight the 
potential application of decreased nitrogen in increasing the bioactive compounds of the 
foliage, along with developing ecofriendly and economical crop cultivation practice.  
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 INTRODUCTION 
The secondary metabolites aid in plant fitness by functioning as signaling molecules, 
structural polymers, attractants for pollinators, regulators of phytohormones, and as 
defense metabolites against biotic and abiotic stress (Noel et al., 2005). The secondary 
metabolite production in plants is influenced by both the genotype, environment, and 
their interaction, and hence the secondary metabolic composition in plants is highly 
diverse. This compositional diversity confers a wider biological activity to the secondary 
metabolites, most of which is regulated by their molecular structure. The compositional 
changes could also regulate the association of the metabolites with different cellular 
compartments, which in turn guides their biological functions with regard to plant fitness. 
The biosynthesis of secondary metabolites is tightly associated with primary metabolism, 
and often a ‘trade-off’ is predicted between growth and defense metabolism (Herms and 
Mattson 1992), especially under biotic and abiotic stressors. Though the changes in the 
overall quantity of secondary metabolites in relation to environmental stressors has been 
widely studied, we currently lack an in depth understanding of the stress induced changes 
in composition and cellular association of secondary metabolites, which is critical to 
forecast the biological role of the compound in facilitating the overall plant fitness.  
Phenolics constitutes one key class of carbon-based secondary metabolites of ecological 
importance and often exhibit a trade-off dynamics with growth metabolism. Phenolic 
metabolites are primarily biosynthesized utilizing the derivatives of the shikimate 
pathway, and are broadly categorized as simple phenolic acids, flavonoids and tannins. 
The phenolic acid and flavonoids together constitutes the phenylpropanoids whereas the 
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tannins encompasses the two classes namely, hydrolysable tannins (HT) and 
proanthocyanidins (condensed tannins).  The shikimate pathway intermediate viz. 
dehydroshikimate is utilized in the biosynthesis of gallic acid, the monomer unit for 
hydrolysable tannin, and the terminal product of the pathway, chorismic acid leads to 
phenylalanine (Figure 1). Hydrolysable tannins that consists of gallic acid ester linked to 
glucose forms the simple galloyl glucoses, which are further categorized as gallotannins 
and ellagitannins based on the linkage between the gallic acid units (Salminen 
Juha‐Pekka and Maarit 2011; Top et al., 2017; Suseela and Tharayil 2018). Deamination 
of phenylalanine generates the simple phenolic acids, the hydroxybenzoates (C6-C1) and 
the hydroxycinnamates (C6-C3), which are then utilized for the synthesis of diverse 
flavonoid compounds. The flavonoids are further categorized based on their chemical 
structure (Winkel-Shirley 2002; Vogt 2010) derived from the enzyme-catalyzed 
modification to the basic flavan scaffold (C6-C3-C6). These enzymes consists of 
reductases, hydroxylases and Fe2+/2-oxoglutarate-dependent dioxygenases further 
categorizes the flavonoids into six major  groups namely the flavanones, flavones, 
flavonols, flavan-3-ols, anthocyanins and proanthocyanidins (Winkel-Shirley 2001; 
Ferreyra et al., 2012).   Diversity within the polymeric phenolic compounds that include 
the proanthocyanidins and hydrolysable tannins is attributed to the type, number and 
linkage between the flavan-3-ols and gallic acid monomer (D. Xie and Dixon 2005; 
Salminen Juha‐Pekka and Maarit 2011).  
The principal biological action exerted by the phenolics is related to quenching of free 
radical (Ferreyra et al., 2012) and acting as the non-enzymatic secondary antioxidant 
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system of plant (Fini et al., 2011). Production of reactive oxygen species under 
environmental stresses have a positive influence by acting as signaling molecules and 
regulating the metabolic composition in plants (del Rio 2015). The exact mechanism of 
reduction of ROS by phenolics is still not clear, however, the variation in the extent of 
bioactivity among the different phenolic metabolites is attributed to presence of varied 
functional groups, ring conjugations and hydroxylation patterns (Heim et al., 2002). 
Although, majority of the previous studies have resorted to broadly quantifying the 
phenolic content as a function of environmental stress, the induced changes in 
composition and localization of the metabolites within the different phenolic classes are 
important for predicting biological activity. Thus, apart from the genetic modification, 
utilization of environmental stressor in modulating the phenolic biosynthetic pathway 
presents an alternative metabolic engineering strategy for crop breeding. 
Nitrogen (N) is a key macronutrient, the availability of which dictates the partitioning and 
transportation of the photosynthetic assimilates between the primary and secondary 
metabolism in plants (Bot et al., 2009; Tegeder and Masclaux‐Daubresse 2018). The 
major theories proposed to explain the variation in biosynthesis of secondary metabolites 
in response to N availability comprises of the Carbon Nutrient Balance (Bryant et al., 
1983 and Coley et al., 1985), Growth- Differentiation Balance theory (Herms and 
Mattson 1992) and the Protein competition model (Jones and Hartley, 1999). According 
to these theories, under N limitation, plant directs the accumulated carbon-based 
assimilates towards the synthesis secondary compounds. In accordance with above 
assumption, number of crop species have reported increased in phenolic content under N 
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limitation (Fritz et al., 2006; Giorgi et al., 2009; Larbat et al., 2012; Nemie-Feyissa et al., 
2014; Becker et al., 2015; Koeslin-Findeklee et al., 2015; Vashisth et al., 2017). 
However, the content of specific class of phenolics was dependent on the species as well 
as its developmental stage and type and form of N applied (Huang et al., 2018; Scogings 
2018). Furthermore, structure-dependent variations in responses to salinity, heat 
(Martinez et al., 2016) or temperature stress (Neugart et al., 2016) between flavonols and 
hydroxycinnamates, signifies the link between individual phenolic class and the stressor. 
In addition, the modification to the functional unit of the phenolic classes such as 
glycosylation and acylation dictates the stability and solubility of the metabolite, which 
further regulates the biological activity (Ogo et al., 2015).  
Along with the compositional changes, the structural changes in the cell wall under stress 
conditions determines the localization of the phenolics, either as extractable form present 
in vacuoles or bound to cell wall proteins and carbohydrates. The extractability of 
phenolics affects their translocation between the source and sink across the plants 
(Shahidi and Yeo 2016, Cadot et al., 2011, Allegro et al., 2016) and could affect the 
nutritive quality of yield. The influence of N limitation on the total content of phenolics 
has been inconsistent, with either non-responsive (Stumpf et al., 2015) or increase 
(Galieni et al., 2015) in the total bound phenolics. Furthermore, the significance of foliar 
phytochemistry in determining the plant vigor in terms of yield, quality (Bobeica et al., 
2015), susceptibility of the plant to pathogens (Kim et al., 2016) and in the transportation 
of metabolites to fruits (Gutierrez et al., 2017) is well established. However, 
reprogramming of the metabolic composition and the related localization of the phenolics 
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as an effect of N limitation could modulate the biological activity and function of the 
metabolite. 
Thus, the main objectives of this study was to evaluate the biochemical response in 
content, composition and localization of different classes of foliar phenolics as affected 
by different nitrogen fertilization treatments. We hypothesized that N limitation will 
result in selective, nonlinear, upregulation of phenolics with higher biological reactivity. 
Furthermore, the altered nitrogen supply would lead to differential association of the 
biosynthesized phenolics (extractable vs bound) with the tissue fraction, where the 
proportion of extractable-to-bound phenolics will be higher with increased N limitation.   
MATERIAL AND METHOD 
Plant source 
Strawberry plants (Fragaria ananassa) cv. Camarosa (June bearing) and cv. Albion (Day 
neutral) were procured from ‘The Strawberry store, LLC’ Middletown, DE. They were 
grown at Clemson University, SC, green house in 7 L plastic pots with 1.9 kg potting 
mixture, which had a base nitrogen of 7.5µg/g (nitrate and ammonium). From May 2016 
to July 2016, the flowers and runners were cut off for better vegetative growth and plant 
establishment. Plants were fertilized with modified Hoagland’s solution without nitrogen 
from August 2016 to October 2016, supplying 2.5mM CaCl2, 1.25mM KH2PO4, 1.5mM 
MgSO4 and 1mL/L of micronutrients solution. Four level of nitrogen (N) treatment were 
evaluated in the study, consisting of the control (0), 8mM N, 16mM N and 30mM N. 
Nitrogen fertilizer was supplied in the form of ammonium nitrate and the treatment 
solution was applied as 200 ml/pot at an interval of 10 days. The treatment consisted 
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completely randomized design with five replicates. 12 weeks after treatment semi-mature 
leaves were harvested from the third whorl from all the 5 replicates. Leaves were 
harvested and ground into powder with dry ice and immediately transferred to -80°C until 
further analysis. 
Estimation of primary metabolites by Gas Chromatography- Mass Spectrometry (GC-
MS)  
Polar metabolites were extracted from ground tissue by slight modification to method as 
described by Maroli et al., 2015 and Suseela et al., 2015. Briefly, 300 mg of plant tissue 
extracted with 3 mL of methanol, sonicated and centrifuged at 2500 rpm. The methanolic 
supernatant was then stored at -80°C for further analysis.  40-µL aqueous methanolic 
supernatant after chloroform partition was transferred to inserts with 20 µL of 200 µg/ml 
ribitol (internal standard) and 500 µg/ml d27-myristic acid (retention time lock) and dried 
under vacuum at room temperature. First derivatisation was carried out by incubation at 
45°C for 60 min with 20 mg/ml solution of methoxylamine hydrochloride in pyridine. 
Second derivatisation followed by addition of 90 µL of N-methyl-N-(trimethylsilyl) 
trifluoroacetamide (MSTFA) with 1% trimethylchlorosilane (TMCS) for 30 minutes at 
55°C. Samples were separated on DB-5 column equipped with electron ionization 
quadrupole mass spectrometer detector (Agilent 7980, Agilent Technologies, Santa Clara, 
CA). The GC-MS instrument settings were as per Maroli et al., 2015. Mass spectra were 
processed with Automatic Mass Spectral Deconvolution and Identification System 
(AMDIS v2.71, NIST, Gaithersburg, MD, USA) with minimum match factor of 70. 
Compound identification was based on their retention time index and comparison with 
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Fiehn library (G1676AA; Agilent technologies, Wilmington, DE, USA). Positive 
matches of the compounds were then confirmed by comparing with fragment ions as 
mentioned in (Suseela et al., 2015). The peak intensities were normalized to ribitol.  
Estimation of proanthocyanidins (PA) by Acid butanol assay 
Total proanthocyanidins in the leaf sample were estimated by acid butanol assay 
modified from (Top et al., 2017). Chloroform partitioning was carried out as Suseela et 
al., 2015 with modification as follows: To 100 µL of methanolic supernatant, 100 µL of 
chloroform was added followed by 100µL of MS grade water, gentle mixing and 
centrifugation at 10000 rpm for 2 min. The aqueous phase was dried at room temperature 
in a vacuum evaporator followed by addition of 1 ml of acid butanol reagent and 
incubation at 95° C for 30min. Spectrophotometric measurement of the color developed 
was read at 550 nm and amount of PA calculated using standard curve derived from 
cyanidin.  
Estimation of extractable phenolics by Liquid Chromatography-Mass Spectrometry (LC-
MS) 
Briefly, 600 mg of ground leaf tissue was extracted with 4 mL of methanol, homogenized 
at 4°C, 3000 rpm and the supernatant separated after centrifugation at 2500 rpm. The 
sediment was sequentially extracted twice with methanol and thrice with 80% aqueous 
acetone. The pooled supernatant was used for the determination of extractable phenolics. 
The samples were analyzed on Ultimate 3000 HPLC (Ultra high pressure liquid 
chromatography) coupled to an Orbitrap Fusion tribrid mass spectrometer equipped with 
electronspray ionisation (ESI) (Thermo Scientific, Watham, MA, USA) as per Bowers et 
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al., 2017. Separation of the metabolites was carried out using Waters (Waters Corp., 
Milford, MA, USA) Acquity UHPLC (HSS T3 (150 x 2.1 mm, 1.8 µm) column at 30° C.  
The following gradient program utilizing water with 0.1% formic acid as mobile phase A 
and acetonitrile as mobile phase B was employed: 0 min, 5% B; 2 min, 5% B; 24 min, 
60% B; 27 min, 90% B; followed by a 3-minute washing step at 90% B and a subsequent 
re-equilibration for 6 min at 5% B.  The flow rate was set to 0.22 mL/min and the 
injection volume chosen was 2 µL.  The mass spectrometer was operated as per Bowers 
et al, 2017, in negative ionization mode with a data dependent MS2 HCD-CID method 
for compound confirmation. The interface conditions were as follows: emitter voltage, -
2600 V; vaporizer temperature, 325°C; ion transfer tube, 325° C; sheath gas, 55 (arb); 
aux gas, 10 (arb); and sweep gas, 1 (arb).   
Estimation of bound phenolics by Liquid Chromatography-Mass Spectrometry (LC-MS) 
The non-extractable phenolics was determined on the residue left after the extraction with 
methanol and acetone. The residue was dried at 60°C and acid hydrolysed using 2 M 
methanolic HCl and 0.04 % ascorbic acid at 85º C for 4 hr. The supernatant after 
centrifugation was used for the determination of bound phenolics (L. Xie et al., 2012; 
Newsome et al., 2016; Tarola et al., 2013; Hykkerud et al., 2018). The samples were 
analyzed on Ultimate 3000 HPLC (Ultra high pressure liquid chromatography) coupled 
to an Orbitrap Fusion tribrid mass spectrometer equipped with electronspray ionisation 
(ESI) (Thermo Scientific, Watham, MA, USA) as per Bowers et al., 2017. Separation of 
the metabolites was carried out using Waters (Waters Corp., Milford, MA, USA) Acquity 
UHPLC (HSS T3 (150 x 2.1 mm, 1.8 µm) column at 30° C. The following gradient 
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program utilizing water with 0.1% formic acid as mobile phase A and acetonitrile as 
mobile phase B was employed: 0 min, 5% B; 2 min, 5% B; 24 min, 60% B; 27 min, 90% 
B; followed by a 3-minute washing step at 90% B and a subsequent re-equilibration for 6 
min at 5% B.  The flow rate was set to 0.22 mL/min and the injection volume chosen was 
2 µL.  The mass spectrometer was operated as per Bowers et al, 2017, in negative 
ionization mode with a data dependent MS2 HCD-CID method for compound 
confirmation. 
Determination of Antioxidant activity 
The extract from the extractable phenolics for LC-MS analysis was used for 
determination of antioxidant activity of the strawberry leaves from different N treatments 
using DPPH assay (Guillén-Román et al., 2018). Breifly, 100µL of the extract was added 
to 900 µL of freshly prepared 1mM methanolic DPPH reagent and incubated at room 
temperature in dark. After 30mins, the absorbance was measured at 515nm against the 
reagent blank. The percentage of DPPH radical scavenging was calculated as given in the 
Equation 1. 
Where, A0= Absorbance of the reagent without sample and A is the Absorbance of the 
reaction mixture with sample solution 
Inhibition % = {(A0-A)/A0}*100     Equation no.1   
Data analysis and Statistics 
Data values are mean + standard deviation of the replicates from all the samples. 
Statistical significance was determined by one-way ANOVA followed by Tukey’s 
multiple comparison for normally distributed data and by Kruskal- Wallis ANOVA for 
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non-parametric data, using JMP Pro13.1.0 (SAS Institute Inc., Cary, NC) with 
statistically significance level of P <0.05. To evaluate the effect of applied N treatments 
on the overall foliar metabolite profile, the metabolomics data was subjected to 
multivariate analysis using Metaboanalyst 4.0 (Chong et al., 2018). The metabolomics 
data of the two cultivars was auto scaled or log transformed to satisfy the assumptions of 
normality. The metabolites were further analyzed with partial least square discriminate 
analysis along with the in-built cross-validation and permutation testing. Identification of 
the phenolic metabolite was based on the literature reported accurate mass of the 
precursor ion and fragment ions using Xcalibur 4.1 (Thermo Fisher Scientific, MA, 
USA). The data was processed by node-based workflow of the Compound discoverer 2.2 
software (Thermo Fisher Scientific, MA, USA). The C13 resveratrol normalized peak 
area was utilized quantitative evaluation of the phenolic metabolites. Graphs were plotted 
using Graphpad Prism 7.05 (Graphpad software, La Jolla, CA). 
Results 
Variation among the primary metabolites as response to the nitrogen supply: 
The composition of primary metabolites in strawberry leaves, which included, sugars, 
sugar alcohols, organic acids and amino acids were quantified using a GC-MS based 
metabolomics approach. The analysis identified 31 (Table 2.1) compounds from the leaf 
extract of both the strawberry cultivars. Partial least squares discriminate analysis (PLS-
DA) of these metabolites along the first two component axis (Figure 2.2A,B) explained 
ca. 55% of the total variation in the data, and separated control treatment from the other 
N treatments along the component 1 axis. All the N treatments grouped into distinct 
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clusters along the component axis 2.  The PLS-DA analysis showed good model fitness 
with R2 and Q2 value of >0.6. The robustness of the class discrimination was verified 
through permutation testing of separation distance based on the ratio of the between the 
group sum of squares and the within group sum of squares and had p<0.05 over 2000 
iteration.  The metabolites with variable importance in projection (VIP) scores > 1 was 
considered as relevant for influencing the grouping (Appendix Figure 1). Although, the 
metabolites possessing highest discrimination potential varied between the two cultivars, 
they predominantly constituted glutamic acid, succinic acid, myoinositol and gluconic 
acid.   
The relative abundances of the total nonstructural sugars were similar in nitrogen replete 
(30mM N) and deficient (control) treatment for both cultivars and increased by 33% 
(P<0.05) as N changed from 8mM N to control in cv. Camarosa (Figure 2.2C,D). Sucrose 
was the most abundant sugar in both cultivars contributing to ca. 61-78% of the total 
sugar. Fructose and sucrose were the major contributor of the observed trend of total 
sugars. Other soluble sugars like glucose, raffinose, trehalose and tagatose exhibited non-
linear responses (Appendix Figure 1) with accumulation at N replete treatment for cv. 
Albion but not for cv. Camarosa.  
The tricarboxylic acid (TCA) cycle intermediates showed differential response across the 
treatments in the two cultivars (Figure 2.3). In cv. Camarosa, TCA intermediates namely, 
citrate, α-ketoglutarate, succinate and malate were higher (P<0.05) at 16mM N as 
compared to nitrogen deficient treatment (control). In cv. Albion, α-ketoglutarate showed 
ca. 1.33-fold increase (P<0.05) at 16mM N as compared to control. Dehydroascorbate, 
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quinate, gallate and shikimate constituted the non- TCA organic acids but exhibited much 
lower percentage variation across the N treatments. Shikimic acid, key metabolite 
regulating carbon flow to phenolic biosynthesis, had negligible relative abundance at 
higher nitrogen concentration (16mM and 30mM N) and did not show significant 
difference at lower N (control and 8mM N) concentration in both the cultivars. 
Glutamate, an amino acids related to N assimilation decreased by ca. 43-50% as N 
decreased from 16mM N to 8mM N and then to control, for both the cultivars. 
Variation in the content and composition of polyphenols in response to varied nitrogen 
supply 
UHPLC-ESI-Orbitrap-MS data analysis of the strawberry leaf tissue using Compound 
Discoverer 2.2, positively annotated 789 compounds across all the samples. Among 
them, 738 and 680 compounds in cv. Albion and cv. Camarosa respectively, were 
classified as significant based on the log fold change (of two), p-value and false 
discovery rate of less than 0.05. Score plot from PLS-DA of the 789 metabolites plotted 
for two discriminatory components explained ca. 74-83% of the total variation and 
separated the different nitrogen treatment for both the cultivars (Figure 2.4). The PLS-DA 
model showed good model fitness with R2 and Q2 value > 0.6 and p-value < 0.01, based 
on the permutation testing. The variable importance in projection (VIP) score was 
computed to determine the most influential metabolite on the PLS model. Although most 
of the metabolites having VIP>1.2, were higher under N limitation, kaempferol 
glucuronide and hydroxycinnamic acid were higher under N replete treatments. 
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To understand the effect of the applied nitrogen treatment on metabolic regulation of the 
phenolic biosynthesis, tentative molecular identity of 149 metabolites (Appendix Table 1) 
was established based on their accurate molecular masses (<5ppm) and confirming MS2 
fragmentation pattern from the literature reported phenolics in strawberry. The identified 
phenolic compounds belonged to non-anthocyanin categories of phenolics, which 
included simple galloyl glucoses, ellagic acid derivatives, ellagitannins, 
hydroxybenzoates, hydroxycinnamates, flavanones, flavones, flavonols, flavan-3-ols and 
proanthocyanidins. Compounds having same molecular masses (mass error <2 ppm of 
theoretical mass), but having different retention time (>0.5 min) were treated as unique 
compound. The cumulative peak area of the identified metabolites constituted ca. 54% of 
the total peak area of the 789 compounds. In order to verify the significance of these 
identified metabolites, PLS-DA based on the 149 metabolites was re-performed. Score 
plot from the PLS-DA model plotted for two discriminatory components explained ca. 
79-87% of the total variation and the different nitrogen treatment exhibited similar trend 
for both the cultivars (Appendix Figure 2). The PLS-DA model showed good model 
fitness with R2 and Q2 value > 0.6 and p-value< 0.01, based on the permutation testing. 
Ellagitannins was the most abundant compound class in the leaf metabolites, comprising 
48 out of the 149 tentatively identified phenolic compounds and enclosing 23 % of the 
total peak area of the chromatogram. For cv. Albion, the total ellagitannins content 
increased (P=0.01) by 24% in control as against nitrogen replete (30mM N) treatment 
(Figure 5A). Whereas, for cv. Camarosa, total ellagitannins increased (P<0.001) by 52-
70% as N decreased from 16mM N to control treatment (Figure 2.5A). Furthermore, for 
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cv. Albion, only the content of HHDP (Hexahydroxydiphenoyl) and dehydro-HHDP 
esters (geraniin) increased (P<0.02) by 1.1 and 3.4-fold respectively, in control treatment 
with respect to N replete treatment (Figure 2.6A).  For cv. Camarosa, the HHDP, C-
glycosidic and oligomeric ET (agriimoniin) showed ca. 100-130% increase (P<0.02) 
respectively under lower N treatments (control and 8mM N) as against nitrogen replete 
treatment. Geraniin increased by ca. 1.9 fold (P=0.002) in control treatment as against 
30mM N in cv. Camarosa (Figure 2.6B).   
Simple galloyl glucoses, the precursors of ellagitannins, exhibited similar trend of 
increase as ellagitannins (P<0.001) with higher abundances in control treatment for both 
cultivars (Figure 5B). For both the cultivars, tetragalloyl glucoses showed the maximum 
increase (P<0.002) of 2-to 3- fold magnitude in control treatment as against 30mM N. 
Simple ellagic acid derivatives also showed ca.1.5-fold increase (P<0.002) in control 
treatment as compared to nitrogen replete treatment, for both the cultivars (Figure 2.5C).   
Catechin was the most abundant metabolite in both cultivars accounting for ca. 7% of the 
total peak area. Oligomeric proanthocyanidins and its precursor, flavan-3-ols, increased 
with a decrease in N availability in both the cultivars (Figure 2.7).  In cv. Albion, the total 
flavan-3-ols and oligomeric proanthocyanidins increased (P<0.05) by 92-97 % in 8mM N 
as compared to N replete treatment and further increase (P<0.05) by 2 and 1.4 fold 
respectively in control treatment. In cv. Camarosa, both flavan-3-ols and oligomeric 
proanthocyanidins showed ca. 1.7 and 2.7 -fold increase (P<0.05) respectively at 8mM N 
and further increase (P<0.05) of 49 and 70% respectively in control treatment as 
compared to 30mM N. The dimers constituted 68-71% of the total proanthocyanidins 
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identified in both the cultivars, however, in cv. Camarosa, the trimer and tetramers 
showed higher fold increase under N limitation as compared to the dimers.  
Hydroxybenzoic acid and hydroxycinnamic acid derivatives are the precursors for the 
biosynthesis of phenylpropanoids. In general, the hydroxycinnamates were 3.8-10 fold 
higher than hydroxybenzoates. In both cultivars, the hydroxybenzoates (Figure 2.8 (A)) 
showed 54-79% (P<0.01) increase as nitrogen concentration decreased from 16mM N to 
control but the hydroxycinnamates exhibited variation in pattern. In cv. Camarosa, 
hydroxycinnamate increased by 22-38% between the N treatments and in cv. Albion they 
were ca. 59 % higher (P<0.009) only in control treated plants as compared to 30mM N 
(Figure 2.8B). 
Naringenin and eriodictyol glucoside constituted the flavanones class, that is derived 
from chalcones and are the precursors to different class of flavonoids. The flavanone 
content showed ca. 58-59 % increase (P<0.05) in control as compared to nitrogen replete 
treatment in both the cultivars (Figure 2.8C). The flavanones then branches into flavones 
and flavonols by distinct enzyme complexes. Both the cultivars had lower content of 
flavones and only apigenin pentoside was tentatively identified. The control treatment 
showed 47% and 1.4 fold higher flavone in cv. Camarosa and cv. Albion respectively as 
compared to 30mM N treatments (Figure 2.8D). Flavonols represented the second 
abundant class of phenolic compounds in strawberry leaves. The flavonol content 
increased (P<0.005) by 34-52 % in cv. Albion and 23-41% in cv. Camarosa, with 
decrease in N concentration from 16mM N to control (Figure 2.9A). Glycosides of 
quercetin and kaempferol were the two key flavonols identified in both the cultivar. Free 
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aglycones in the extractable fraction were not detected with the set MS analysis 
parameter of 1e5. The kaempferol:quercetin ratio decreased from 4.0 and 2.7 under N 
replete treatment to 1.8 and 1.1 at lower (control and 8mM) in cv. Camarosa (P<0.05) 
and cv. Albion (P<0.001) respectively (Figure 2.9B). About 61-80 % of the total 
tentatively identified flavonoids were glycosylated and 26-38% acylated (Figure 2.9C,D). 
Hexoses and pentoses were the only sugars identified to be associated with flavonols 
along with glucuronide. Only coumaroyl hexoside was an acylated flavonol form 
reported in both cultivar and constituted about 30% of the total identified flavonols. 
Coumaroyl quercetin increased (P<0.02) by 5.2-5.6 fold in control treatment of both 
cultivars as compared to 30mM N treatment whereas coumaroyl kaempferol hexoside 
showed non-significant variation across the N treatments. Dihydroflavonols namely, 
taxifolin arabinofuranoside and dihydrokaempferol hexoside, which can be further 
converted to flavan-3-ols or flavonols, were identified based on accurate mass but had 
much lower abundance.  
Variation in the localization of the polyphenols in response to varied nitrogen supply 
Based on accurate mass and fragmentation pattern from literature, 17 phenolic aglycone 
metabolites (Table 2.2) could be tentatively identified from the acid hydrolysis of residue 
left after extraction of vacuolar phenolics. Total bound phenolics did not show any 
significant variation to the applied N treatments. The total soluble (vacuolar) phenolics 
were also 1.5 and 1.7 fold higher under N limitation (control) with respect to N-replete 
(30mM N) in cv. Albion and cv. Camarosa respectively (Figure 2.10). 
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Derivatives of protocatechuic acid, coumaric acid, gallic acid, caffeic acid and isoferulic 
acid were used for computing the variation between bound and soluble simple phenolic 
acids. In cv. Albion, bound and soluble simple phenolic acids increased by ca. 67 and 
57% (P<0.01) respectively in control treatment as compared to N replete treatments 
(Figure 2.10C). In cv. Camarosa, soluble simple phenolic acids increased (P<0.005) by 
30% as N decreased from 30mM N to 8mM N and with 1.2 fold increase (P<0.001) in the 
control treatment as against 30mM N (Figure 2.10D). For both the cultivars, total bound 
content of the aglycones, kaempferol and quercetin, did not respond significantly to 
different N concentration and only control treatment had higher content. However, the 
soluble flavonols showed 56-63% increase (P<0.001) for cv. Albion and ca. 44 % 
(P<0.01) for cv. Camarosa with the decrease in N from 16mM N to control (Figure 
2.11A,B). The sum of ellagic and gallic acid content as hydrolysis product of bound 
hydrolysable tannin did not show any variation to the applied N treatment and total 
soluble hydrolysable tannin increased by 35-47% and ca. 56-91% in cv. Albion and cv. 
Camarosa respectively with the decrease in N from 16mM N to control (Figure 2.11C,D).  
Variation in the form of proanthocyanidin content, as soluble (extractable) or bound, as 
an effect of nitrogen treatment was determined by acid butanol assay. In cv. Albion, the 
content of bound proanthocyanidins and soluble proanthocyanidins increased by ca. 1.6 
and 2.5 fold respectively in control as against 8mM N. However, in cv. Camarosa, the 
bound and soluble proanthocyanidins increased by 66% and 90 % respectively when N 
concentration decreased from 16mM N to 8mM N. In cv. Albion the total 
proanthocyanidin content was higher (2.2 mg cyanidin equivalent/g tissue FW) in N 
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deficient plants as compared to cv. Camarosa (1.1 mg cyanidin equivalent/g tissue FW). 
In cv. Albion, 45% of the total proanthocyanidins were in extractable form, which 
dropped (P>0.05) to 33% under N replete levels (30mM N) (Figure 2.12). However, in 
cv. Camarosa, under N deficiency, 70% of the total proanthocyanidins were in 
extractable form, which significantly dropped to 35% under N replete levels (30mM N) 
(Figure 2.12). The antioxidant activity of the strawberry leaves as an effect of nitrogen 
treatment was evaluated by DPPH scavenging (Appendix Figure 6). The N deficient 
plants showed approximately 90% and 88 % radical scavenging of 0.1mM DPPH 
solution for cv. Camarosa and cv. Albion respectively whereas the radical scavenging 
activity decreased to 48% and 59% for cv. Camarosa and cv. Albion respectively under N 
replete conditions. 
Discussion  
Readjustment in the metabolic pathway occurs in response to stress stimuli, which then 
enables the plants to adapt to environmental stresses. Nitrogen (N) being a vital 
component of proteins and enzymes, functions as a key regulator in the growth and 
biosynthesis of defensive compounds in plants. Higher N leads to increase in vegetative 
growth, whereas, N limitation has shown to increase carbon partitioning for the 
biosynthesis of plant defense compounds, of which phenolic compounds are a key 
component. Despite the extensive elucidation of the biosynthetic pathway, owing to the 
huge biodiversity within the phenolic class, it is less understood how N influences the 
content, composition and localization of the different classes of phenolics, which then 
would enable varied biological functions.  
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Variation in the content of primary metabolites in response to varied nitrogen supply 
Nitrogen, by regulating the C/N balance, determines the feedback mechanism of the 
photochemical and biochemical reactions of photosynthesis (Paul and Pellny 2003). In 
our study, the lower variation in the chlorophyll content and leaf C/N ratio (Appendix 
Figure 3) among the treatments indicate a lower influence of the tested N supply on the 
photosynthetic performance of strawberries. Often plants exhibit a higher accumulation 
of sugars in response to N stress (Tang et al., 2018; Sung et al., 2015; Quan et al., 2016), 
which  could be attributed due to reduction of growth rate under this nutrient stress. 
However, in our study the content of sugars remained similar across the tested N 
treatments, partly because strawberries often exhibit a broader tolerance for N 
availability. For example, in strawberries, the photosynthesis per unit area is reported to 
be stable from 10mM N to 20mM N (Acuña-Maldonado and Pritts 2008). As observed in 
our study, higher N can also drive higher tissue carbohydrate content as evidenced by the 
positive curvilinear relation between the soluble sugars and N levels in grapes, corn and 
potato leaves (Jin et al., 2015; Braun et al., 2016; Chen and Cheng 2003). This response 
is thought to stem from a plant strategy to maintain balance between photochemistry and 
physiology, where production of sugars act as non-radiative energy dissipation 
mechanism (Reyes et al., 2016). Besides sucrose, which was the most abundant sugar in 
leaves, other soluble sugars and sugar alcohols exhibited a much lower and a non-linear 
response across the N treatment (Appendix Figure. 1). These metabolites are known for 
their role as osmoprotectants, scavengers of ROS and signaling molecules, and are 
reported to be upregulated under cold, heat and drought stress (Koehler et al., 2015; 
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Nishizawa et al., 2008).  Our results indicate a minimal role of these minor sugars and 
sugar alcohols in maintaining cellular homeostasis under the N levels tested in this study.  
Organic acids derived from the anaplerotic tricarboxylic acid (TCA) cycle acts as 
transient carbon substrates for amino acid synthesis and also  as regulators of the redox 
and energy levels (Igamberdiev and Eprintsev 2016). In the present study, under N 
replete treatment, the lower abundances of citrate and higher abundance of malate, 
fumarate and succinate (Figure 3) points towards the incomplete mode of TCA cycle 
operation, where, malate and citrate represents two branches of the TCA cycle with 
primary function of generating reducing equivalents and α-ketoglutarate respectively 
(Igamberdiev and Eprintsev 2016). Abundance of α-ketoglutarate and glutamate at higher 
N is in accordance with previous reports for maize and barley (Quan et al., 2016; Amiour 
et al., 2012) and these compounds are directly involved in N assimilation. Furthermore, 
the decrease in glutamate under N deficiency is proposed to be associated with lower 
transcripts of GS, although, the expression is greatly regulated by the developmental 
stage of the crop, magnitude and time period of the N stress (Balotf et al., 2016). The 
inconsistency in the data may be due to an internal metabolic trade-off between the 
primary and secondary metabolism in strawberry leaves and needs further detailed 
investigation.  
Variation in the content of phenolic classes in response to varied nitrogen supply.  
In general, the present study supports the increased content of various phenolics in 
strawberry leaves under lower N treatment; however, the magnitude of this change varied 
between the phenolic classes. Shikimate pathway, the entry point of carbohydrates for the 
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biosynthesis of phenylpropanoids and hydrolysable tannins (HT), represents the first 
branch point of the phenolic biosynthesis. Ellagitannins are the major subclass of HT 
reported in strawberry leaves consisting of C-C linked gallic acid monomer. The gallic 
acid is derived from dehydroshikimate of shikimate pathway, before the C flux through 
this pathway is committed to the biosynthesis of aromatic amino acid and 
phenylpropanoids (Tzin and Galili 2010). Despite being the most abundant class of 
phenolics in strawberry leaves, the ellagitannin content responded less to N treatments 
compared to the phenylpropanoids that exhibited ca. 38-100% increase in the content as 
N supply decreased (Appendix figure 4). Weaker induction of ellagitannin biosynthesis 
could arise due to substrate competition for the synthesis of gallic acid and chorismic 
acid, the precursor for phenylpropanoids. Thus, a regulation by N at the branch point of 
3-dehydroshikimate is proposed to explain the discrepancy in the abundance pattern of 
ellagitannins and phenylpropanoids (Riipi et al., 2002, Kårlund et al., 2014, Kim et al., 
2016). Similar, tradeoffs between gallic acid and phenylpropanoids have been reported in 
strawberry leaves under Xanthomonas fragariae infection (Kim et al., 2016). However, in 
response to light stress, both the flavonols and the ellagitannins class of compounds from 
strawberry fruit increased (Palmieri et al., 2017). These observations highlights that the 
stress stimuli can be utilized for regulating the carbon partitioning between the shikimate 
and the phenylpropanoid pathway and N appears to be a potential candidate that could 
impose modulation. 
The second branch point of phenolic biosynthesis occurs at coumarate of the 
phenylpropanoid pathway, resulting in the biosynthesis of the derivatives of simple 
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phenolic acids and flavonoids. Among simple phenolic acid, the hydroxycinnamates 
conjugated with flavonols exhibit a higher free radical scavenging capacity than free 
hydroxycinnamates (Martinez et al., 2016; Neugart et al., 2016). Thus the similar ratio of 
hydroxycinnamate:flavonoid (Appendix Figure 5) across the N treatments observed in the 
present study could represent effective regulation in the carbon partitioning for producing 
conjugated phenolics that are more reactive.  
Abundance of different flavonoid classes, including flavanones, flavones, flavonols, 
flavan-3-ols and proanthocyanidins were inversely related to N supply, which is in 
agreement with previous research across different species (Strissel T. et al., 2008; Becker 
et al., 2015; Kong et al., 2017; Zhang et al., 2018). Reduced N treatment of 8mM 
nitrogen resulted in maximum increase in the flavonol content than the flavones in both 
cultivars. Flavonols, because of the 3’- hydroxyl group and lower redox potential, are 
more potent free radical scavengers than flavones (Dwivedi et al., 2016). Despite, lower 
free scavenging activity, an upregulation in luteolin (a flavone) as compared to 
kaempferol (a flavonol) under combined salt and elevated CO2 stress has been reported 
in lettuce (Sgherri et al., 2017). This indicates that the branch point biosynthesis is 
regulated by environmental signal and that strawberry leaves favors the hydroxylated 
flavonols over flavones, which is evident by the fold change increase between the two 
classes across the applied N treatments in both the cultivars. 
Flavan-3-ols and their oligomers (proanthocyanidins/ condensed tannins) synthesis share 
common steps in the flavonoid pathway with the synthesis of anthocyanins and flavonols. 
In the present study, both flavonol and flavan-3-ols increased with decrease in N supply, 
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but the anthocyanins had negligible abundances. However, the flavan-3-ols exhibited 
much higher fold change with the decrease in N treatments than the flavonols. 
Dihydroflavonols are utilized not only in the biosynthesis of flavonols but also 
leucoanthocyanidins, which are utilized for the biosynthesis of anthocyanins and flavan-
3-ols.  The anthocyanin content observed in our study was negligible than their content 
previously reported under cold treatment in leaves and fruits (Koehler et al., 2015; Tanou 
et al., 2017). The reduction of anthocyanins to flavan-3-ols by anthocyanin reductases 
(ANR) is previously being reported to contribute a major share of flavan-3-ols in tobacco 
(Luo et al., 2016) cotton (Zhu et al., 2015) , white clover (Abeynayake et al., 2012) , 
grapevines (Bogs et al., 2007) and strawberry (Fischer et al., 2014). Thus, the observed 
lower abundances of anthocyanin and higher flavan-3-ols under N limitation could be 
attributed to upregulation of the ANR. Similar decreased anthocyanin content and re-
channeling metabolic flux to flavan-3-ols is reported in strawberry fruits when UDP-
glucose:anthocyanidin glucosyl transferase (FaGT1) was down-regulated (Griesser et al., 
2008). However, more investigations need to be undertaken to establish the relationship 
between N and activity of the enzymes involved in the biosynthesis. 
Variation in the composition of phenolic classes in response to varied nitrogen supply 
The simple galloylglucoses, which are the first branch off product from shikimate 
pathway and the precursors of hydrolysable tannin, were higher at lower N (control and 
8mM N) supply.  Glucogallin, constituted major (>70%) galloyl glucose ester in the 
leaves of both strawberry cultivars, across all the N treatments. Reduction of glucogallin 
followed by increase in digalloylglucose has been reported in mature birch leaves and is 
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proposed to be a result of efficient utilization of the glucogallins (Salminen et al., 2001). 
The higher content of glucogallin in proportion with tri- and tetra- galloylglucose, across 
all the N treatments in both the cultivars could indicate a reduced kinetics of 
galloyltransferases as compared to glucosyltransferase to the applied N treatment. Across 
plant species it has been reported that GT and ET are not simultaneously produced 
(Salminen Juha‐Pekka and Maarit 2011) and strawberry leaves have a higher abundances 
of ellagitannins compared to polymeric gallotannins (Kårlund et al., 2014; Kårlund Anna 
et al., 2016; Kim et al., 2016; Cvetković et al., 2017; Michalska et al., 2017). Preferential 
biosynthesis of ellagitannins in strawberry leaves over gallotannins, could be due to 
preferential oxidation of the branch point substrate pentagalloylglucoses, as opposed to 
formation of depsidic bond between the gallic acid subunits.  
In both the cultivars, monomeric ellagitannins constituted as the abundant class across all 
the nitrogen treatments unlike dimeric and trimeric ellagitannin reported from strawberry 
leaves (Hukkanen et al., 2007, Kårlund et al., 2014, Kårlund et al., 2016). Different 
classes of ellagitannins did not show any specific trend to the applied N treatments and 
the two cultivars exhibited some innate variation in the composition of ellagitannins. 
Although the enzymes involved in ET biosynthetic pathway are yet to be fully elucidated, 
the branching steps from monomeric HHDP esters (Salminen Juha‐Pekka and Maarit 
2011) could be influenced by the N treatment further restricting the composition of ET. 
Simple phenolic acids from the study were categorized as hydroxybenzoates and 
hydroxycinnmates. Presence of p-hydroxy group and additional carbon side chain 
structure to the phenol ring have shown to increase radical scavenging activity (Natella et 
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al., 1999; Jing et al., 2012). The observed higher content of hydroxycinnmates (coumaric 
and ferulic acids) as compared to the hydroxybenzoates (protocatechuic acid), under N 
limitation (Figure 2.8) could represent structure dependent preferential accumulation of 
more effective antioxidant. In addition, the preferential utilization of hydroxycinnamates 
in conjugation to flavonols, could explain their increased biosynthesis over 
hydroxybenzoates. 
Further advancing in the flavonoid pathway, apigenin flavone along with flavonols 
quercetin and kaempferol (via dihydroflavonols) constituted the most abundant 
compounds derived from the two branches of flavanone narigenin, in both the cultivars 
across all the N treatments. Apigenin is often reported as the only flavone in strawberry 
fruits, (Álvarez-Fernández et al., 2014; Álvarez-Fernández et al., 2016; Teleszko et al., 
2016; Akhatou et al., 2017) and has shown to have minimal antioxidant activity as 
compared to kaempferol and quercetin (Pannala et al., 2001; Sroka et al., 2015). In the 
present study, decreased kaempferol:quercetin ratio (Figure 2.9) with decreases in N 
treatment was attributed to the increase in quercetin and not as decrease in kaempferol. 
Irrespective of the stress factor, quercetin is reported as the most abundant flavonol in 
strawberry fruits and leaves as compared to kaempferol (Oszmiański et al., 2011; Kårlund 
Anna et al., 2016; Michalska et al., 2017; D’Urso et al., 2018). The dihydroxylated 
flavonol quercetin has higher superoxide radical scavenging activity than the 
monohydroxylated kaempferol (Marković et al., 2011, Marković et al., 2014, Zhang et 
al., 2015). Higher quercetin in onions is attributed to utilization for dihydroquercetin 
substrate for the biosynthesis of quercetin over leucoanthocyanidins as interpreted from 
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increased gene expression of FLS over DFR (Park et al., 2017, Mollavali et al., 2018). 
Furthermore, variation in relative proportion of kaempferol and quercetin could be 
because of their differential stability at different N treatments. Previous studies in 
Arabidopsis, have reported glycosides of kaempferol to be more stable than quercetin 
following 2 days of N starvation and high temperature (Olsen et al., 2009).  
In accordance with previously reported studies; hexoses, pentoses and glucuronides were 
the key glycosylated forms in strawberry leaves (Table 2.1) as reported from 
metabolomics studies (Hanhineva et al., 2008, Kim et al., 2016, D’Urso et al., 2018). 
Increase in the quercetin glycoside as compared to the respective aglycone under N 
limitation has been previously reported in Moringa leaves (Guillén-Román et al., 2018).  
Glycosylation and acylation not only improve the biological activity of the flavonoids but 
also modifies the physical parameter of solubility, thermal/ light stability and membrane 
permeability (Ogo et al., 2015).  
In our study, monomer catechin and proanthocyanidin dimers had higher abundances 
under N limitation than the trimers and tetramers. Enzymatic (via polyphenol oxidases) 
or non-enzymatic (chemical oxidation) mechanism of proanthocyanidin polymerization 
from monomers is still debatable (Xie and Dixon 2005), making it difficult to ascertain 
the effect of N fertilization. A positive correlation is demonstrated between the mean 
degree of polymerization and the antioxidant activity (Zhou et al., 2014). Thus, despite 
higher abundances of dimers across the treatments in both cultivars, the higher 
percentage increase in trimers with the reduction in N supply could be construed as 
production of compounds with increased antioxidant activity. Increase in radical 
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scavenging activity with the increase in the polymerization from n=1 to 4 but reversal of 
trend at higher degree of polymerization and was attributed to the contributing steric 
hindrances for the accessibility hydroxyl groups (de Gaulejac et al., 1999). These 
findings support the close association of the structural conformation and biological 
activity and demands further studies to determine the relation between N limitation and 
proanthocyanidins with higher degree of polymerization.  
Variation in the localization of phenolic classes in response to varied nitrogen supply 
In the present study, acid hydrolysis of the residue left after extraction of soluble 
phenolics was utilized for determination of bound form of the phenolic classes. Although, 
the extractable form of the different phenolic classes increased with decrease in N supply, 
the bound form was similar across the different N treatments for both the cultivars. 
Similar increase in soluble phenolics with increase in N treatment and relatively stable 
bound phenolics is reported in wheat (Stumpf et al., 2015). It has been proposed that the 
bound phenolics are primarily regulated by genetic determinants and the extractable 
phenolics by the environmental cues (Fernandez-Orozco et al., 2010). Although, exact 
biosynthesis of bound phenolics is currently unknown, it is proposed that the precursors 
are mobilized from the site of biosynthesis by vesicle trafficking or transporter proteins 
and polymerized on the structural components of the cell wall (Zhao et al., 2010). This 
cell wall bound phenolics characterized mainly by phenolic acids acts as barrier in 
effectively absorbing the harmful UV radiation and limiting water loss by maintaining the 
wall’s tightness and hydrophobicity (Hura et al., 2017). In accordance with the above 
theory, in the present study, higher proportion of the simple phenolic acids were in the 
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bound form as compared to the bound flavonols. In addition, an increase in porosity in 
the cell wall facilitates tannin adsorption to the cell walls and thus decreasing the 
extractability (Bindon et al., 2014). A decrease in cell membrane stability with decrease 
in N application has been reported in creeping bentgrass (Saneoka et al., 2004) and 
chickpea (Namvar et al., 2013). Thus, the observed higher proportion of phenolics in the 
soluble form could be because of increased porosity and reduced stability to the cell 
membrane under N limitation and the exact mechanism of action need further 
exploration.   
Conclusion         
Structural diversity within the phenolics differentially regulates their biological functions. 
Our results shows that along with the variation in content of different phenolic classes, N 
supply influences both the variation within and across different phenolic classes and their 
association with cellular component. Overall, the phytochemical content increased with 
decreasing N availability. However, the proportional increase in the content of 
proanthocyanidins as compared to the other phenolic classes highlights the non-linear 
response of phytochemicals to the applied N treatments. The increased preferential 
accumulation of metabolites with selective structural modification such as hydroxylation, 
glycosylation and ring conjugation under lower N supply would suggests an increased 
stress tolerance ability of these plants against abiotic and biotic stresses. Further, the 
increase in the proportion of extractable form (vacuolar) of the total foliar phenolics 
under N limitation suggests that these compounds being more mobile could be 
transported to sinks such fruits, younger leaves or roots.    
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Table 2.1:  List of primary metabolites tentatively identified in different Nitrogen treatments. 
The MS2 ion lists the topmost abundant fragment ions  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Compound RT MS2 
4-guanidinobutyricacid 13.348 304, 174 
alphaketoglutaricacid 13.85 304, 288, 198, 156 
asparticacid2 13.2   
cellobiose1 24.44 204, 217,  
citricacid 16.615 273, 347, 133 
trehalose 24.75   
dehydroascorbicacid 17.73   
D-glucose1 17.42 319, 204, 160 
D-lyxose1 14.76 103, 217, 307 
D-lyxosylamine2 14.86   
D-malicacid 12.79 133, 233, 245 
D-mannose1 17.43 204, 319, 160 
fructose1 17.17 103,217, 307 
fumaricacid 10.94   
galactinol2 26.47 204, 217, 129 
gallicacid 18.02 281, 179, 133 
gluconicacid2   205, 333, 292, 319 
glycericacid 10.735 189, 292, 133, 103 
glycerol 9.941 205 
L-glutamicacid 14.39 156, 230, 258 
L-threonine2 11.46 218, 117, 99, 100 
myo-inositol 19.35 217, 305, 318, 191 
phosphoricacid 9.966 299, 314,211 
porphine1 10.77 184, 174, 134 
quinicacid 17.07 204, 218, 99 
Raffinose 29.28 361, 217, 204 
shikimicacid 16.43 204, 133, 255 
stearicacid 20.67 117, 341.2, 132.2, 145 
succinicacid 10.5 247 
Sucrose 23.98 361, 217, 271 
tagatose2 17.21 103, 147, 217, 307 
REF: Suseela et al., 2015     
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Table 2.2: List of secondary metabolites tentatively identified from the extractable portion of the tissue from the different nitrogen 
treatments. The MS2 ion lists the topmost abundant fragment ions. 
 
Sr. 
No. 
Name Formula Actual 
RT 
Observed 
m/Z 
mass 
error 
MS2  References 
  Hydroxybenzoates             
1 Gallic Acid C7 H6 O5 3.42 169.0134 4.7333 125.0238 (100) Alvarez et 
al., 2015 
2 Protocatechuyl 
Xylulose 
C12 H14 O8 6.26 285.0609 1.0524 153.0188(100), 109.0289(10) Alvarez et 
al., 2015 
3 P-Hydroxybenzoic 
Acid Glucoside 
C13 H16 O8 6.98 299.0765 0.6687 137.0237(100), 93.0338(2) Alvarez et 
al., 2015 
4 Protocatechuic 
Hexoside 
C13 H16 O9 5.88 315.0717 -1.5869 153.0187(100), 109.0281(8) Alvarez et 
al., 2015 
5 Protocatechuic 
Hexoside 
C13 H16 O9 3.94 315.0716 -1.2696 153.0186(100), 275.8914(2), 
165.0183(20), 109.0286(15) 
Alvarez et 
al., 2015 
  Hydroxycinnamates             
6 Furaneol Hexoside C12H18O8   289.0922 0.6918 MS2[289]: 245(6), 161(100), 
101(8) 
Sun et al., 
2014 
7 Caffeoyl Threonate   7.12 297.0609 5.3861 135.0292(100), 179.0347(20) Karlund et 
al., 2016 
8 Coumaroyl Hexoside C15 H18 O8 7.84 325.0923 -0.3076 163.0394(100), 119.0495(10) Alvarez et 
al., 2015 
9 Coumaroyl Hexoside C15 H18 O8 8.46 325.0923 -0.3076 265.0713(100), 235 Alvarez et 
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al., 2015 
10 Coumaroyl Hexoside C15 H18 O8 8.91 325.0926 -1.2304 265.0711(100), 235.0604(85), 
205.0490(10), 163.0383(20) 
Alvarez et 
al., 2015 
11 Coumaroyl Hexoside C15 H18 O8 10.02 325.0927 -1.5380 163.0393(100), 
119.0497(35)113.0239(15) 
Alvarez et 
al., 2015 
12 Caffeic Acid Hexose C15 H18 O9 7.57 341.0872 0.0000 311.0753(5), 281.0660(100), 
251.0552(75), 221.0438(25), 
179.0347(85), 135.0445(100) 
Karlund et 
al., 2016 
13 Caffeic Acid Hexose C15 H18 O9 6.91 341.0871 0.2932 323.0772(15), 311.0837(5), 
281.0660(100), 251.0554(75), 
221.0435(20), 179.0347(25) 
Karlund et 
al., 2016 
14 Galloylquinic Acid C14 H16 
O10 
2.87 343.0669 -2.0404 191.0556(100), 169.0132(10) Karlund et 
al., 2016 
15 Galloylquinic Acid C14 H16 
O10 
2.82 343.0669 -2.0404 169.0136(100), 191.0555(85) Karlund et 
al., 2016 
16 Galloylquinic Acid C14 H16 
O10 
3.05 343.0669 -2.0404 191.0555(100), 169.0136 (10) Karlund et 
al., 2016 
17 Galloylquinic Acid C14 H16 
O10 
3.23 343.0665 -0.8745 169.0136(100), 191.0554(10) Karlund et 
al., 2016 
18 Ferulic Acid Hexose C16 H19O9 8.6 355.1029 0.5632 217.0500(45), 193.0499(100), 
175.0394(40) 
Sun et al., 
2014 
19 Ferulic Acid Hexose C16 H19O9 9.03 355.1031 0.0000 295.0818(75), 265.07119(100), 
235.0606(80), 193.0486(15) 
Sun et al., 
2014 
20 Ferulic Acid Hexose C16 H19O9 9.32 355.103 0.2816 161.0237(100) Sun et al., 
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2014 
21 Dihydroferulic Acid 
Glucuronide 
C16 H20 
O10 
9.76 371.0982 -1.0779 249.0610(100) Alvarez et 
al., 2015 
22 Dicoumaroylhexoside C24H24O10 13.14 471.1287 -0.4245 307.0820(100) Urso et al., 
2018 
23 Dicoumaroylhexoside C24 H24 
O10 
12.44 471.1286 -0.2123 307.0820(100), 163.0382(15) Urso et al., 
2018 
  Flavanone             
24 Naringenin Flavanone C15 H12 O5 10.4 271.0609 -2.5825 253.0500(20), 145.0291(30), 
125.0239(100) 
Massbank 
25 Eriodictyol Glucoside C21 H22 
O11 
9.24 449.1082 0.0000 287.0556(100), 265.0449(40) Alvarez et 
al., 2015 
  Flavone             
26 Apigenin Pentose 
derivative 
C20H18O9 8.58   401.1447  269.1026 (100)  
  Flavonols             
27 Quercetin Coumaroyl C23H25O9 12.7 445.1498 1.3479 145.0289(100), 163.0394(60), 
265.0714(30) 
Urso et al., 
2018 
28 Quercitin Coumaroyl C23H25O9 12.7 445.1498 1.3479 145.0289(100), 163.0394(60), 
265.0714(30) 
Urso et al., 
2018 
29 Quercitin Coumaroyl C23H25O9 13.15 445.1495 2.0218 145.0289(100), 163.0395(50), 
265.0717(20) 
Urso et al., 
2018 
30 Kaempferol Hexoside C21H20O11 11.57 447.0923 2.0130 284.0321(100), 285.0394(95) Alvarez et 
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al., 2015 
31 Kaempferol 
Glucuronide 
C21 H18 
O12 
11.61 461.0718 0.8675 285.0403(100) Sun et al., 
2014 
32 Kaempferol 
Glucuronide 
C21 H18 
O12 
11.61 461.0718 0.8675 285.0403(100) Sun et al., 
2014 
33 Isoquercetin C21H20O12 10.84 463.088 -1.7275 301.0349 Sun et al., 
2014 
34 Isoquercetin C21H20O12 10.84 463.088 -1.7275 301.0349 Sun et al., 
2014 
35 Quercitin 
Glucuronide 
C21 H18 
O13 
10.81 477.0674 -0.4192 301.0353(100) Sun et al., 
2014 
36 Quercitin 
Glucuronide 
C21 H18 
O13 
10.81 477.0674 -0.4192 301.0353(100) Sun et al., 
2014 
37 Quercetin Derivative   10.83 499.049 -1.8034 301.0348(100)   
38 Kaempferol Pentose 
Glucuronide 
C26H26O16 10.65 593.1148 -0.8430 307.0667(15), 285.0402(100)  Hanhineva 
et al., 2008 
39 Kaempferol Pentose 
Glucuronide 
C26H26O16 10.65 593.1148 -0.8430 307.0667(15), 285.0402(100)  Hanhineva 
et al., 2008 
40 Kaempferol Pentose 
Glucuronide 
C26H26O16 10.65 593.1148 -0.8430 307.0667(15), 285.0402(100)  Hanhineva 
et al., 2008 
41 Kaempferol 
Coumaroyl Hexoside 
C30H26O13 13.85 593.1293 0.3372 447.0926(10), 285.0401(100) Alvarez et 
al., 2015 
42 Kaempferol C30H26O13 13.85 593.1293 0.3372 447.0926(10), 285.0401(100) Alvarez et 
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Coumaroyl Hexoside al., 2015 
43 Kaempferol 
Coumaroyl Hexoside 
C30H26O13 14.18 593.1293 0.3372 447.0929(10), 285.0399(100) Alvarez et 
al., 2015 
44 Kaempferol 
Coumaroyl Hexoside 
C30H26O13 13.85 593.1293 0.3372 447.0926(10), 285.0401(100) Alvarez et 
al., 2015 
45 Quercetin Pentose 
Glucuronide 
C26H26O17 9.95 609.1109 -2.7910 307.0667(10), 301.0354(100) Alvarez et 
al., 2015 
46 Quercetin Pentose 
Glucuronide 
C26H26O17 9.95 609.1109 -2.7910 307.0667(10), 301.0354(100) Alvarez et 
al., 2015 
47 Kaempferol Hexoside 
Glucuronide 
C27H28O17 10.04 623.125 -0.3210 285.0400(100), 337.0770(20) Urso et al., 
2018 
48 Quercetin Derivative   10.47 623.1251 -0.6419 301.0350(100)   
49 Quercetin Hexose 
Glucuronide 
C27H28O18 7.7 639.1199 -0.1565 463.0877(100), 301.0341(15) Karlund et 
al., 2016 
50 Quercetin Hexose 
Glucuronide 
C27H28O18 9.43 639.1203 -0.7823 337.0771(20), 301.0350(100) Karlund et 
al., 2016 
  Flavan-3-Ols             
51 Catechin/Epicatechin C15 H14 O6 7.89 289.0717 -1.7297 271.0605(2), 245.0816(100), 
205.0500(45), 203.0707(10), 
179.0342(20) 
Alvarez et 
al., 2015 
52 DL-Catechin C15 H14 O6 9.1 289.0712 0.0000 271.0605(2), 245.0816(100), 
205.0500(40), 203.0707(10), 
179.0342(20) 
Alvarez et 
al., 2015 
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  Proanthocyanidins             
53 Proanthocyanidin 
Dimer 
C30 H26 
O11 
8.11 561.139 1.2475 289.0710(100), 543.1274(15), 
435.1100(25), 407.0732(5), 
271.0603(15) 
Sun et al., 
2014 
54 Proanthocyanidin 
Dimer 
C30 H26 
O11 
8.79 561.1392 0.8910 289.0711(100), 543.1278(25), 
435.1078(45), 407.0747(15), 
271.0603(20) 
Sun et al., 
2014 
55 Proanthocyanidin A1 C30H23O12 12.03 575.1183 1.0433 557.1071(20), 449.0870(100), 
437.0874(45), 394.0692(60), 
287.0546(40) 
Urso et al., 
2018 
56 Procyanidin B2 C30H26O12 9.15 577.1344 -0.3465 559.1266(5), 451.1028(25), 
425.0874(100), 407.0770(25), 
289.0710(20) 
Sun et al., 
2014 
57 Procyanidin B2 C30H26O12 7.4 577.1342 0.0000 559.1224(5), 451.1025(25), 
425.0873(100), 407.0764(30), 
289.0710(20) 
Sun et al., 
2014 
58 Procyanidin B2 C30H26O12 6.56 577.1342 0.0000 559.1243(10), 451.1036(25), 
425.0872(100), 407.0762(30), 
289.0714(30) 
Sun et al., 
2014 
59 Procyanidin B2 C30H26O12 7.4 577.1342 0.0000 559.1224(5), 451.1025(25), 
425.0873(100), 407.0764(30), 
289.0710(20) 
Sun et al., 
2014 
60 Procyanidin B2 C30H26O12 9.15 577.1344 -0.3465 559.1266(5), 451.1028(25), 
425.0874(100), 407.0770(25), 
289.0710(20) 
Sun et al., 
2014 
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61 Procyanidin B2 C30H26O12 7.4 577.1342 0.0000 559.1224(5), 451.1025(25), 
425.0873(100), 407.0764(30), 
289.0710(20) 
Sun et al., 
2014 
62 Procyanidin B2 C30H26O12 6.56 577.1342 0.0000 559.1243(10), 451.1036(25), 
425.0872(100), 407.0762(30), 
289.0714(30) 
Sun et al., 
2014 
63 Proanthocyanidin 
Trimer 
C45H38O17 8.96 849.2043 -1.4131 723.1760(80), 697.1563(35), 
577.1323(100), 559.1219(65), 
425.0878(20), 407.0758(25) 
Sun et al., 
2014 
64 Procyanidin Trimer C45H38O18 3.42 865.1979 0.3467 739.1696(15), 713.1504(22), 
695.1411(100), 575.1185(45), 
543.0920(10), 449.0891(10), 
413.0883(10), 287.0545(15) 
Alvarez et 
al., 2015 
65 Procyanidin Trimer C45H38O18 7.61 865.1985 -0.3467 847.1890(20), 739.1667(70), 
713.1523(60), 695.1396(100), 
577.1332(70), 451.1035(20), 
425.0880(30), 407.0768(25), 
287.0572(25) 
Sun et al., 
2014 
66 Procyanidin Trimer C45H38O18 7.83 865.1979 0.3467 847.1843(20), 739.1652(65), 
713.1509(55), 695.1400(100), 
577.1341(65), 451.1022(15), 
425.0885(20), 407.0768(20), 
287.0550(25) 
Sun et al., 
2014 
67 Procyanidin Trimer C45H38O18 7.61 865.1985 -0.3467 847.1890(20), 739.1667(70), 
713.1523(60), 695.1396(100), 
577.1332(70), 451.1035(20), 
425.0880(30), 407.0768(25), 
Sun et al., 
2014 
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287.0572(25) 
68 Procyanidin Trimer C45H38O18 9.03 865.198 0.2312 847.1819(15), 739.1644(70), 
713.1509(40), 695.1396(100), 
577.1348(45),575.1191(80), 
425.0876(20), 407.0763(25), 
287.0572(20) 
Sun et al., 
2014 
69 Procyanidin Trimer C45H38O18 7.83 865.1979 0.3467 847.1843(20), 739.1652(65), 
713.1509(55), 695.1400(100), 
577.1341(65), 451.1022(15), 
425.0885(20), 407.0768(20), 
287.0550(25) 
Sun et al., 
2014 
70 Procyanidin Trimer C45H38O18 3.42 865.1979 0.3467 739.1696(15), 713.1504(22), 
695.1411(100), 575.1185(45), 
543.0920(10), 449.0891(10), 
413.0883(10), 287.0545(15) 
Alvarez et 
al., 2015 
71 Procyanidin Trimer C45H38O18 9.03 865.198 0.2312 847.1819(15), 739.1644(70), 
713.1509(40), 695.1396(100), 
577.1348(45),575.1191(80), 
425.0876(20), 407.0763(25), 
287.0572(20) 
Sun et al., 
2014 
72 Procyanidin Trimer C45H38O18 9.8 865.1974 0.9246 847.1819(15), 739.1644(70), 
713.1509(40), 695.1396(100), 
577.1348(45),575.1191(80), 
425.0876(20), 407.0763(25), 
287.0572(20) 
Sun et al., 
2014 
73 Procyanidin Trimer C45H38O18 7.61 865.1985 -0.3467 847.1890(20), 739.1667(70), 
713.1523(60), 695.1396(100), 
Sun et al., 
2014 
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577.1332(70), 451.1035(20), 
425.0880(30), 407.0768(25), 
287.0572(25) 
74 Proanthocyanidin 
Tetramer 
C60H50O24 8.51 1153.263 -1.1272 1135.2449(28), 1027.2263(80), 
1001.2143(35), 983.2014(100), 
907.2036(25), 865.1940(90), 
739.1677(25), 620.5901(15), 
587.1147(15), 575.1213(50), 
533.3897(15), 493.1348(15), 
407.0758(20) 
Sun et al., 
2014 
75 Proanthocyanidin 
Tetramer 
C60H50O24 8 1153.262 -0.2601 1135.2722(28), 1027.2338(50), 
1001.2187(25), 983.2103(55), 
955.9057(25), 865.2084(100), 
739.1755(25) 
Sun et al., 
2014 
  Ellagic Acid 
Derivative  
            
76 Brevifolin Carboxylic 
Acid 
C13H8O8 8.19 291.0141 3.7799 247.0243(100) Alvarez et 
al., 2015 
77 Brevifolin Carboxylic 
Acid 
C13H8O8 8.78 291.0142 3.4362 247.0243(100) Alvarez et 
al., 2015 
78 Ellagic Acid C14H6O8 10.77 300.9991 -3.3223 300.9988(100)   
79 Ellagic Acid C14H6O8 10.94 300.9986 -1.6611 300.9985(100)   
80 Ellagic Acid C14H6O8 11.12 300.9985 -0.3322 300.9982(100)   
81 Ellagic Acid 
Pentoside 
C19H14O12 10.67 433.0411 -1.6165 300.9984(100) Sun et al., 
2014 
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82 Ellagic Acid 
Pentoside 
C19H14O12 9.99 433.0411 -1.6165 300.9984(100) Sun et al., 
2014 
83 Ellagic Acid 
Pentoside 
C19H14O12 9.71 433.0411 -1.6165 300.9984(100) Sun et al., 
2014 
84 Ellagic Acid 
Pentoside 
C19H14O12 9.71 433.0411 -1.6165 300.9984(100) Sun et al., 
2014 
85 Ellagic Acid 
Deoxyhexoside 
C20H16O12 10.05 447.0556 -0.2237 300.9988 (100) Sun et al., 
2014 
86 Ellagic Acid 
Deoxyhexoside 
C20H16O12 10.22 447.057 -3.3553 299.09912(100), 300.9988 (80) Sun et al., 
2014 
87 Ellagic Acid 
Deoxyhexoside 
C20H16O12 10.05 447.0556 -0.2237 300.9988 (100) Sun et al., 
2014 
88 Methylellagic 
Rhamnoside 
C21H18O12 11.92 461.0718 0.0000 315.0143(100) Sun et al., 
2014 
89 Methylellagic Hexose C21H18O12 11.92 461.0718 1.5182 315.0143(100) Sun et al., 
2014 
  Simple 
Galloylglucoses 
            
90 Glucogallin C13 H16 
O10 
3.62 331.0664 0.3021 169.0135(100)125.0228(2) Alvarez et 
al., 2015 
91 Glucogallin C13 H16 
O10 
2.84 331.0671 -1.8123 271.0456(8), 169.0136(100), 
125.0239(10) 
Alvarez et 
al., 2015 
92 Glucogallin C13 H16 
O10 
3.23 331.0665 0.0000 313.0559(98), 169.0132(30), 
168.0057(100) 
Alvarez et 
al., 2015 
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93 Trigalloyl Glucose C27H24O18 8.84 635.0883 0.3149 465.0667(100) Sun et al., 
2014 
94 Tetragalloylglucose C34H28O22 10.28 787.0997 -0.3811 635.0881(15), 617.0784(100), 
573.0881(2), 465.0655(5), 
447.0566(2) 
Barbera et 
al., 2017 
  Ellagitannin             
95 Unknown 
Ellagitannin 
  9.43 466.0288 -1.2875 751.0424(5), 631.0570(65), 
613.0463(20), 450.9936(20), 
300.9986(100), 275.0191(15) 
  
96 HHDP Hexose C20 H18 
O14 
2.8 481.0615 0.8315 300.9989 (100) Alvarez et 
al., 2015 
97 HHDP Hexose C20 H18 
O14 
2.8 481.0615 0.8315 300.9989 (100) Alvarez et 
al., 2015 
98 Castalin Like ET C27H20O18 7.77 631.0579 -2.2185 450.9938(100), 407.0013(5) Sun et al., 
2014 
99 Castalin Like ET C27H20O18 8.81 631.0572 -1.1093 450.9937(100), 407.0029(5) Sun et al., 
2014 
100 Castalin Like ET C27H20O18 9.39 631.0577 -1.9016 450.9940(100), 407.0028(5) Sun et al., 
2014 
101 GalloylHHDPglucose C27 H22 
O18 
5.32 633.0724 0.6318 300.9983(100), 637.0538(5), 
481.0626(30), 463.0525(10), 
275.0197(10) 
Karlund et 
al., 2016 
102 GalloylHHDPglucose C27 H22 
O18 
6.37 633.0724 0.6318 300.9984(100), 615.0671(5), 
275.0187(5) 
Karlund et 
al., 2016 
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103 GalloylHHDPglucose C27 H22 
O18 
7.89 633.0735 -1.1057 300.9987(100), 463.0511(5), 
275.0194(5) 
Karlund et 
al., 2016 
104 Pedunculagin 
(BisHHDPglucose) 
C34H24O22 6.42 783.0677 0.5108 792.8326(1), 587.5961(2), 
481.0623(30), 300.9985(100) 
Aaby et al., 
2007 
105 Pedunculagin 
(BisHHDPglucose) 
C34H24O22 4.48 783.0683 -0.2554 765.0570(1), 481.0617(40), 
300.9985(100), 275.0190(20), 
257.0078(1) 
Aaby et al., 
2007 
106 Pedunculagin Dimer C34H24O22 9.72 783.067 1.4047 1265.1128(15), 935.0761(100), 
915.0599(15), 631.0623(40), 
300.9994(25) 
Aaby et al., 
2007 
107 Pedunculagin 
(BisHHDPglucose) 
C34H24O22 6.59 783.0679 0.2554 481.0593(30), 300.9988(100), 
275.0182(15) 
Sun et al., 
2014 
108 Pedunculagin 
(BisHHDPglucose) 
C34H24O22 4.48 783.0683 -0.2554 765.0570(1), 481.0617(40), 
300.9985(100), 275.0190(20), 
257.0078(1) 
Aaby et al., 
2007 
109 Pedunculagin 
(BisHHDPglucose) 
C34H24O22 3.85 783.0675 0.7662 765.064(20), 721.0789(25), 
481.0610(60), 300.9997(100) 
Aaby et al., 
2007 
110 Pedunculagin Dimer C34H24O22 9.72 783.067 1.4047 1265.1128(15), 935.0761(100), 
915.0599(15), 631.0623(40), 
300.9994(25) 
Aaby et al., 
2007 
111 Pedunculagin 
(BisHHDPglucose) 
C34H24O22 4.48 783.0683 -0.2554 765.0570(1), 481.0617(40), 
300.9985(100), 275.0190(20), 
257.0078(1) 
Aaby et al., 
2007 
112 Pedunculagin 
(BisHHDPglucose) 
C34H24O22 6.59 783.0679 0.2554 481.0593(30), 300.9988(100), 
275.0182(15) 
Sun et al., 
2014 
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113 Pedunculagin Dimer C34H24O22 9.72 783.067 1.4047 1265.1128(15), 935.0761(100), 
915.0599(15), 631.0623(40), 
300.9994(25) 
Aaby et al., 
2007 
114 Tellimagrandin 
(DigalloylHHDP 
Glucose) 
C34H26O22 8.57 785.0837 0.1274 791.0367(8), 670.5311(8), 
633.0738(25), 483.0771(70), 
331.0649(10), 313.0556(10), 
300.9983(100) 
Aaby et al., 
2007 
115 Castalgin/Vescalgin C41 H26 
O26 
8.98 933.0632 2.0363 915.0461(35), 631.0566(15), 
481.0618(15), 4630610(5), 
450.9940(100), 425.0173(10), 
300.9976(5) 
Del Bubba 
et al., 2012 
116 Castalgin/Vescalgin C41 H26 
O26 
8.26 933.0634 1.8220 631.0571(100), 469.0026(18), 
300.9973(10) 
Del Bubba 
et al., 2012 
117 Castalgin/Vescalgin C41 H26 
O26 
8.98 933.0632 2.0363 915.0461(35), 631.0566(15), 
481.0618(15), 463.0610(5), 
450.9940(100), 425.0173(10), 
300.9976(5) 
Del Bubba 
et al., 2012 
118 Castalgin/Vescalgin C41 H26 
O26 
10.75 933.064 1.1789 915.0500(1), 631.0566(32), 
481.0616(15), 450.9937(100) 
Del Bubba 
et al., 2012 
119 Castalgin/Vescalgin C41 H26 
O26 
11.38 933.0637 1.5004 915.0614(1), 631.0546(32), 
481.0592(15), 450.9937(100) 
Del Bubba 
et al., 2012 
120 Castalgin/Vescalgin C41 H26 
O26 
9.36 933.0637 1.5004 915.0554(1), 631.0587(32), 
481.0621(15), 450.9940(100) 
Del Bubba 
et al., 2012 
121 Castalgin/Vescalgin C41 H26 
O26 
8.26 933.0634 1.8220 631.0571(100), 469.0026(18), 
300.9973(10) 
Del Bubba 
et al., 2012 
 
96 
 
122 Castalgin/Vescalgin C41 H26 
O26 
9.36 933.0637 1.5004 915.0554(1), 631.0587(32), 
481.0621(15), 450.9940(100) 
Del Bubba 
et al., 2012 
123 Castalgin/Vescalgin C41 H26 
O26 
8.98 933.0632 2.0363 915.0461(35), 631.0566(15), 
481.0618(15), 4630610(5), 
450.9940(100), 425.0173(10), 
300.9976(5) 
Del Bubba 
et al., 2012 
124 Castalgin/Vescalgin C41 H26 
O26 
9.54 933.0641 1.0717 631.0569(100), 613.0476(20), 
469.0049(20), 300.9977(2) 
Del Bubba 
et al., 2012 
125 Castalgin/Vescalgin C41 H26 
O26 
8.98 933.0632 2.0363 915.0461(35), 631.0566(15), 
481.0618(15), 463.0610(5), 
450.9940(100), 425.0173(10), 
300.9976(5) 
Del Bubba 
et al., 2012 
126 Castalgin/Vescalgin C41 H26 
O26 
10.75 933.064 1.1789 915.0500(5), 763.0507(10), 
631.0566(35), 481.0618(15),  
450.9937(100), 407.0028(2),  
300.9978(5) 
Del Bubba 
et al., 2012 
127 Castalgin/Vescalgin C41 H26 
O26 
11.38 933.0637 1.5004 915.0597(5), 763.0422(10), 
631.0571(20), 481.0606(18),  
450.9936(100), 407.0024(2),  
300.9981(8) 
Del Bubba 
et al., 2012 
128 Castalgin/Vescalgin C41 H26 
O26 
9.74 933.0645 0.6430 1567.1393(15), 1385.0618(20), 
1235.0692(100), 915.0506(2), 
783.0793(2), 633.0726(45), 
613..0472(35), 300.9991(22) 
Sun et al., 
2014 
129 Casuarictin/Potentillin C41 H28 
O26 
9.79 935.0776 1.6041     
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130 Casuarictin/Potentillin C41 H28 
O26 
9.79 935.0776 1.6041     
131 Casuarictin/Potentillin C41 H28 
O26 
10.75 935.0707 8.9832     
132 Casuarictin/Potentillin C41 H28 
O26 
9.79 935.0776 1.6041     
133 Casuarictin/Potentillin C41 H28 
O26 
9.79 935.0776 1.6041     
134 Geraniin C41 H28 
O27 
8.55 951.0745 0.2103 907.0834(100), 783.0687(15) Sun et al., 
2014 
135 Geraniin C41 H28 
O27 
8.55 951.0745 0.2103 907.0834(100), 783.0687(15) Sun et al., 
2014 
136 Geraniin C41 H28 
O27 
7.11 951.0737 1.0514 907.0840(100), 783.0680(15) Sun et al., 
2014 
137 Geraniin C41 H28 
O27 
6.11 951.0734 1.3669 907.0844(100), 783.0668(5) Sun et al., 
2014 
138 Geraniin C41 H28 
O27 
6.92 951.0737 1.0514 907.0829(100), 783.0674(25) Sun et al., 
2014 
139 Geraniin C41 H28 
O27 
4.82 951.0731 1.6823 907.0843(100), 783.0681(20) Sun et al., 
2014 
140 Geraniin C41 H28 
O27 
6.91 951.0738 0.9463 907.0840(100), 783.0654(25) Sun et al., 
2014 
141 Geraniin C41 H28 
O27 
5.82 951.0731 1.6823 907.0842(100), 695.2119(2) Sun et al., 
2014 
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142 Geraniin C41 H28 
O27 
8.55 951.0745 0.2103 907.0834(100), 783.0687(15) Sun et al., 
2014 
  Other Phenolics             
143 Taxifolin 
Arabinofuranoside 
  12.48 435.0931 0.2298     
144 Chelidonic Acid C7 H4 O6 2.88 182.9928 -1.0929 139.0031(30), 95.0134(100), 
67.0186(10) 
Urso et al., 
2018 
145 Citric Acid C6 H8 O7 2.81 191.0192 0.0000 111.0084(100) Sun et al., 
2014 
146 Salidroside C14 H20 O7 5.84 299.113 0.6686 243.7944(20), 205.0592(20), 
173.5240(45), 113.0239(100), 
101.0235(55), 89.0235(55) 
Karlund et 
al., 2016 
147 Salidroside C14 H20 O7 5.84 299.113 0.6686 243.7944(20), 205.0592(20), 
173.5240(45), 113.0239(100), 
101.0235(55), 89.0235(55) 
Karlund et 
al., 2016 
148 Sesquiterpenoid 
Hexose 
C21H38O8 12.88 417.2485 0.9587 161.0436(100),255.1973(50) Hanhineva 
et al., 2008 
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Table 2.3:  List of phenolic aglycones tentatively identified after acid hydrolysis from different N treatments. The MS2 ion lists the 
fragment ions with its abundances. 
 
 
Name Formula 
Observed 
m/Z 
Observed 
RT 
RT 
[min] 
mass error 
(ppm) MS2 References 
Protocatechuic 
acid C7 H6 O4 153.0186 5.39 5.329 -2.287309 109.0289(100) 
Antonia Alvarez et 
al., 2016 
3-Coumaric 
acid C9 H8 O3 163.0394 10.6 10.601 -2.760077 119.0497(100) 
Antonia Alvarez et 
al., 2016 
Gallic acid C7 H6 O5 169.0136 3.43 3.45 -2.425846 125.0239(100) 
Antonia Alvarez et 
al., 2016 
Caffeic acid C9 H8 O4 179.0342 8.82 8.841 -2.066649 135.0446(100) 
Antonia Alvarez et 
al., 2016 
Ferulic acid C10 H10 O4 193.05 13.08 13.102 -1.968406 
134.0368(45), 178.0265(10), 
149.0590(1), 193.0502(100) 
Antonia Alvarez et 
al., 2016 
Isoferulic acid C10 H10 O4 193.05 11.29 11.273 -1.968406 134.0366(100), 178.0256(50) 
Antonia Alvarez et 
al., 2016 
Kaempferol C15 H10 O6 285.0404 16.03 16.087 -2.876793 285.0407(100) 
Cocconi et al., 
2016 
Ellagic acid C14 H6 O8 300.9986 11.87 11.751 0.2325592 300.9982(100)   
Ellagic acid C14 H6 O8 300.9991 10.66 10.703 -1.395355 300.9991(100)   
Ellagic acid C14 H6 O8 300.9989 10.83 10.799 -0.7309 300.9990(100)   
Ellagic acid C14 H6 O8 300.9988 11.08 10.989 -0.36545 300.9986(100)   
Ellagic acid C14 H6 O8 300.9991 10.88 10.891 -1.295687 300.9989(100)   
Quercetin C15 H10 O7 301.035 7.55 7.57 -1.063 257.0450(100), 273.0385(5) Fabre et al., 2001 
Quercetin C15 H10 O7 301.0352 14.38 14.415 -1.32875 
273.0398(10), 
178.9980(100), 151.0031(90) 
Cocconi et al., 
2016 
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Figure 2.1: (A) Schematic representation of the phenolic biosynthesis pathway (A). 
Discontinuous lines indicate multiple steps and not all included in the figure. Phenolic 
acids and flavonoids together constitutes the phenylpropanoids. The enzymes are: PAL, 
phenylalanine ammonia lyase; CHS, chalcone synthase; CHI, chalcone isomerase; FS, 
flavone synthase; F3H, flavanone3-hydroxylase; FLS, flavonol synthase; DFR, 
dihydroflavonol 4-reductase; LDOX, leucoanthocyanidin dioxygenase; LCR, 
leucoanthocyanidin reductase; ANR, anthocyanidin reductase; AT, acyltransferase; 
UFGT, UDP flavonoid glucosyltransferase. Structure of representatives from main 
classes of phenolics  
(B) Structure of representative metabolites from different classes of phenolics. HHDP: 
Hexahydroxydiphenic acid; DHHDP: Dehydrohexahydroxydiphenic acid. Source: 
Chemdraw 14.0) 
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Figure 2.2: PLS-DA component scores plot based on 31 metabolites of cv. Albion (A) 
and cv. Camarosa (B) exposed to four levels of nitrogen (Green: 30mM N, Red: 16mM 
N, Blue: 8mM N and Turquoise: Control). The ellipse represent 95% confidence interval. 
The bar graph represent the mean ± SD ribitol normalized abundance of the sugars in  cv. 
Albion (C) and cv. Camarosa (D) as influenced by the four levels of N treatments and 
were tested by one-way ANOVA with P<0.05. 
D 
A 
C 
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Figure 2.3: Schematic of the Tricarboxylic acid cycle and the influence of four levels N 
treatments on the TCA cycle metabolites of cv. Albion (open bars) and cv. Camarosa 
(closed bars). The data represent the mean ± SD ribitol normalized abundance of the 
respective samples and were tested by one way ANOVA with Tukey’s HSD. Bars with 
same letters are not significantly different at 0.05 confidence level.  
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A B 
 
 
Figure 2.4: PLS-DA component scores plot based on 783 metabolites of cv. Albion (A) 
and cv. Camarosa (B) exposed to four levels of nitrogen (Green: 30mM N, Red: 16mM 
N, Blue: 8mM N and Turquoise: Control). The ellipse represent 95% confidence interval. 
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Figure 2.5: The data represent mean ± SD of peak area normalized with C13 
resveratrol of ellagitannin (A), simple galloylglucoses (B) and ellagic acid derivatives (C) 
in the respective N treatments. The open bars represent metabolite from cv. Albion and 
closed bar represents metabolites from cv. Camarosa. Bars with the same letters are not 
significantly different at 0.05 confidence level (Tukey's HSD). 
A B 
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Figure 2.6: The stacked bar graph represent mean ± SD of peak area normalized with C13 
resveratrol of different subgroup of ellagitannins in the respective N treatments. The 
legends shows the corresponding color and subgroups in cv. Albion (A) and cv. 
Camarosa (B). For each compartment, error bars with the same letters are not 
significantly different at 0.05 significance. There is no comparison between the stacks 
within a bar. 
A B 
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Figure 2.7: The data represent mean ± SD of peak area normalized with C13 resveratrol of 
flavan-3-ols (A) and proanthocyanidins (B) in the respective N treatments. The open bars 
represent metabolite from cv. Albion and closed bar represents metabolites from cv. 
Camarosa. Bars with the same letters are not significantly different at 0.05 confidence 
level (Tukey's HSD). 
A B 
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Figure 2.8: The data represent mean ± SD of peak area normalized with C13 resveratrol of 
hydroxybenzoates (A), hydroxycinnamates (B), flavanones (C) and flavones (D) in the 
respective N treatments. The open bars represent metabolite from cv. Albion and closed 
bar represents metabolites from cv. Camarosa. Bars with the same letters are not 
significantly different at 0.05 confidence level (Tukey's HSD). 
A B 
C D 
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Figure 2.9: The data represent mean ± SD of peak area normalized with C13 resveratrol of 
flavonols (A) and kaempferol: quercetin ratio (B) for the respective N treatments in cv. 
Albion (open bars) and cv. Camarosa (closed bar). The stacked bar graph represent mean 
± SD of peak area normalized with C13 resveratrol of different structural composition of 
Kaempferol and Quercitin of the respective N treatments in cv. Albion (C) and cv. 
Camarosa (D). The legends shows the corresponding color and subgroups. Bars with the 
same letters are not significantly different at 0.05 confidence level (Tukey's HSD). There 
is no comparison between the stacks within a bar. 
A B 
C D 
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Figure 2.10: The stacked bar graph represent mean ± SD of relative abundances of total 
phenolics (A and B) and simple phenolic acids (C and D) for the respective N treatments 
in cv. Albion (A and C) and cv. Camarosa (B and D). The legends shows the 
corresponding color and groups. For each compartment, error bars with the same letters 
are not significantly different at 0.05 significance. There is no comparison between the 
stacks within a bar. The asterisk mark represent significant difference between total 
content. 
D C 
A 
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Figure 2.11: The stacked bar graph represent mean ± SD of relative abundances of total 
flavonols (A and B) and hydrolysable tannin (C and D) for the respective N treatments in 
cv. Albion (A and C) and cv. Camarosa (B and D). The legends shows the corresponding 
color and groups. For each compartment, error bars with the same letters are not 
significantly different at 0.05 significance. There is no comparison between the stacks 
within a bar. The asterisk mark represent significant difference between total content.  
C D 
A B 
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Figure 2.12: The stacked bar graph represent mean ± SD of mg of cyanidin equivalent/g 
FW for the respective N treatments in cv. Albion (A) and cv. Camarosa (B). The legends 
shows the corresponding color and groups. For each compartment, error bars with the 
same letters are not significantly different at 0.05 significance level. There is no 
comparison between the stacks within a bar.  
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A   B  
Appendix Figure1: Variable importance in projection (VIP) plot in cv. Albion (A) and 
Camarosa (B) displays the top 15 most important metabolite features identified by PLS-
DA. Colored boxes on right indicate relative concentration of corresponding metabolite 
the different N treatment. 
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Appendix Figure 2. PLS-DA component scores plot based on 149 metabolites of cv. 
Albion (A) and cv. Camarosa (B) exposed to four levels of nitrogen (Green: 30mM N, 
Red: 16mM N, Blue: 8mM N and Turquoise: Control). The ellipse represent 95% 
confidence interval.  
A B 
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Appendix Figure 3: The data represent mean ± SD chlorophyll content (A) and the 
carbon: nitrogen ratio (B) in the respective N treatments. The open bars and closed bar 
represent data from cv. Albion and from cv. Camarosa respectively.  
 
117 
 
 
 
Appendix Figure 4: The stacked bar graph represent mean ± SD of peak area normalized 
with C13 resveratrol of total ellagitannin (closed bars) and phenylpropanoids (open bars) 
of the respective N treatments in cv. Albion (C) and cv. Camarosa (D). The legends 
shows the corresponding color and subgroups. Bars with the same letters are not 
significantly different at 0.05 confidence level (Tukey's HSD). There is no comparison 
between the stacks within a bar. 
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Appendix Figure 5: The data represents hydroxycinnamate:flavonol ratio mean ± SD of 
peak area normalized with C13 resveratrol in the respective N treatments. The open bars 
and closed bar represent data from cv. Albion and from cv. Camarosa respectively.  
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Appendix Figure 6: The data represent mean ± SD of % scavenging of DPPH radical in 
the respective N treatments in cv. Albion (open bars) and cv. Camarosa (closed bars). 
Bars with the same letters are not significantly different at 0.05 confidence level (Tukey's 
HSD). 
 
 
 
 
 
 
